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PREFACE. 


This little book covers the groiind of the Elementary Examina- 
tion by the Science and Art Department in Acoustics, Light, 
and Heat ; but the subjects are here treated in such a way 
as will, it is hoped, render the book a useful introduction to the 
study of Physics generally. 

The plan of the work is different from that of any manual yet 
issued to meet the requirements of that examination. It is not 
a dry epitome ; it is an attempt to set forth the great principles 
of this branch of Physical Science in clear and familiar language, 
and to illustrate and establish these principles by descriptions 
of the more important and familiar experiments. The phenomena 
of Sound, of Light, and of Heat in many respects resemble each 
other ; wherever this is the case, they have been placed side by 
side ; wherever such is ?ot the case, the fact has been stated. 
The whole of these phenomena, consequently, appear here, not 
as a number of isolated and independent units, but as members 
of great classes depending upon great principles. 

In arranging the work the Author has had the advantage of 
several years’ experience as Normal Master in the Battersea 
Training-College. He has thus been able to consider the wants 
of students in Training Colleges ; these wants he has endeavoured 
to meet. As a rule, he found the students fond of scientific 
subjects for the Criticism Lessons they were required to give 
before the masters and the inspectors. He hopes they will find 
here the matter for such lessons presented in a form suitable 
for teaching purposes, and with strong beams of light shining 
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upon the ** pitfalls ” into which students usually tumble in their 
lessons on such subjects as the book treats of. 

As the student makes his way towards the end of the book he 
will find that the treatment as well as the subjects increases in 
difficulty. Such is the design. Every educational work should 
be so written as to develop the mental powers of its readers 
as they advance through its pages. We shall shortly issue an 
Advanced Book on the same subjects, and we hope to work it 
out on the same princijfies. 

It has been suggested that exception might be taken to the 
familiar, almost playful, language in some places adopted in this 
book. It is therefore necessary to explain that the Author has 
striven to reproduce, as nearly as possible, his lessons to his own 
pupils in a day-school. He there found the beginners seemed to 
be helped to an understanding of the matter placed before them 
by reason of the familiar language he was sometimes able to 
employ ; he has therefore judged it not inexpedient to retain here 
some of the expressions he adopted in teaching. 

To this description of the aim and objects of the present book, 
the Author is anxious to add his sense of the imperfection of his 
work. To write a model work on Science would be the worthy 
object of a lifetime ; the present can be considered but as an 
attempt to supply in a convenient form the wants of those who 
are preparing themselves for various public examinations, and 
who have not time nor opportunity for studying the larger and 
more expensive works in which the necessary information is 
found. 

The Author gratefully acknowledges the help he has received 
from his friend Mr. Mansfield in revising, correcting, and im- 
proving the pages as they have gone through the press. 

T. W. P. 


LoifDON, January 1880. 
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CHAPTER I. 

PRELIMIN ARZ, 

1. The Atmosphere. Notwithstanding the apparent absurdity of the 
idea, it has been proved almost beyond a doubt, that this solid earth 
upon which we tread is round in shape, or, more correctly speaking, its 
shape is that of an orange. Of what materials the earth is composed is 
in some degree a matter of speculation, since it has not been found 
possible to do more than theorise concerning the condition and composi- 
tion of the central portions of our planet, though chemists and geologists 
have busily examined the composition and properties of the substances 
of which its outer crust is made up. 

It is not, however, with the earth itself that we have now to deal ; we 
must devote our attention to the study of the invisible cloak or mantle 
in which it is enveloped, and which rests upon it something as a mist 
appears to rest upon a hill, though there is a great difference between 
the two phenomena, as we shall hereafter see. 

Its Association with the Earth. If it were possible to rise up 
from the earth to such a height as would enable us to view it as a 
ball, and if the atmosphere instead of being invisible were visible^ we 
should see the earth surrounded on all sides by an envelope which might 
perhaps be 100 miles deep, or about ^th of the diameter of the earth, 
and we might very likely ask ourselves this question : “ Why does the 
atmosphere cling for ever to the earth 1 Why doesn't it blow off, or slide off, 
into the sun'ounding space?" We must endeavour to understand why. 
Whenever we see a body in motion, we may rest assured that somewhere there 
is a force causing and supporting that motion ; if a body rests without 
motion when it appears to be free to move, we conclude either that all 
the forces tending to produce motion in it counterbalance one another, 
or that it is not acted upon by a force at all. When we then ask why 
the air does not slip off the earth, in other words, move away from the 

A 
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earth, we in effect ask why some force does not compel it to put itself 
in motion in a direction away from the earth ; and that brings us to 
consider where such a force could spring from ; whether or no such 
a force exists anywhere. As a fact^ there are a great many such forces 
always at workf endeavouHngy so to speaky to draw the air away from the 
earthy for it must now be understood that everybody and everything 
attracts everybody else and everything else ; we as we sit in a room are 
attracted each towards the other, and all towards the ceiling, the floor, 
the walls, and the furniture. In the same way the earth attracts the 
moon, the sun attracts the earth, each star also attracts the others, and 
they all— sun, moon, earth, and stars — all attract one another; that is, 
they all try to draw the rest towards themselves. But they do not all 
attract other bodies with the same amount of force ; under certain cir- 
cumstances the heavier a body is the greater is its attractive force ; and 
this explains why we do not see the baby drawn up towards the ceiling, 
and why the walla of a room do not rush together with a crash ; for the 
earth is by far the heaviest body near us, and consequently we are all 
attracted to it more than to anything else ; and we, and everything in 
existence, move always towards that body which draws us with the 
greatest force. 

But as the sun and many other of the heavenly bodies are much 
heavier than the earth, we should expect that the atmosphere would 
leave the earth and move off towards the heaviest of these bodies, whereas 
it does nothing of the sort. To understand this we must explain that 
the nearer one body is to another the more they attract one anothery or, to 
put it the other way about, the farther two bodies are apart the less they 
attract one another. As a matter of fact, it has been proved that if two 
bodies be in certain positions and then be moved to certain other 
positions twice as far ap.irb as the former, then the bodies attract each 
other with a force (2 x 2 i.e.) four times less in the latter case than in 
the former, or, more correctly speaking, the force in the latter case is 
only one’fourth of that in the former. Also, that if the two bodies be 
placed three times as far apart, the attractive force becomes but one-ninth 
of what it was before, &c, &o. Tims it happens that the atmosphere, 
being close to the earth, remains there, because the force with which the 
earth attracts it far exceeds that exerted upon it by any other of the 
heavenly bodies. 

3. Its Oompoeltion, Properties, and MolectQar forces. Now the com- 
position of the air has been very carefully examined ; it has been found to 
consist of two gases (called oxygen and nitrogen) mixed together, with 
very small quantities of several other gases, and it has also been discovered 
that if you climb up a mountain, or go up in a balloon, there are certain 
differences to be observed in the air taken from those heights when com« 
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pared with air taken from the level of the sea. Let us see what these 
differences are. 

Suppose a boy is lying flat upon the ground, and you lay upon him one 
blanket, he will probably not complain, but if you proceed to pile upon 
him twOy foui% eighty twenty blankets, he will soon cry out to you to stop ; 
and the more blankets you put upon him the moie he will cry out ; and 
the reason is, that the greater the weight of the blankets he has to bear, 
the greater is the piessuie to which he is 
subjected. 

Take another illustration : take a piece of 
butter rounded like a shallow cheese, and 
place upon it another piece of the sanie 
weight and shape , the under piece will be- 
come flattened then add ten or a dozen 
other similar pieces of butter, placing them 
one upon the other thus (fig 1) , then it will 
be obseived that the farther you go down 
from the top the more the butter is flattened 
out, and the reason is that eve^ty piece of 
butter has to suppor t the weight of all the 
pieces above it, 

&o with the air or atmosphere ; we may suppose it to consist of layers 




Fig 2 

A, B, C, D (fig 2), each and all of which are attracted to the earth, E ; 
it is evident that the layer A has to sustain the pressure caused by the 
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force with which the other outer layers are attracted to E ; also that the 
layer B is similarly pressed upon by C and D ; that C is also pressed upon 
hy D, while D has no such pressure to sustain : in a word, the farther yoa 
rite up from the EaHh the lets pressure the layer of air in that particular 
region hat to sustain. 

Now if we take a tube, T T (fig. 3), closed at the bottom, place in it 
some water, W, and then press down upon it with the 
jnston, P, we shall find that it is impossible to squeeze the 
water, W, into a much smaller space ; in fact, that the 
apparatus would more easily break than the water submit 
to occupy a much smaller space. If we take out the water, 
and try wine or beer or any other liquid^ we shall find that 
though some of them will allow of more compression than 
others, there is not one which will submit to occupy a much 
smaller space. But if we fill the tube with air, or oxygen, 
or hydrogen, or any other ga^ (or mixture of gases), the case 
becomes quite a difl^erent one ; the more heavily we press 
down the piston, P, the more the gases become compressed, 
and they will often permit themselves to be forced into a 
quarter or a tenth of the room they occupied before. 

If, then, the air were a liquid, the weight of air sustained 
by the layer A would not much affect its volume, i.e., its 
size or bulk ; but as the air is a mixture of gases, the effect 
of the pressure of the layers B, C, D upon A is to cause the 
air in A to become compressed — i,e,, to make it occupy a less 
space ; and consequently it is easy to see that the higher 
we rise up from the surface of E the less comi)ressed the air must be, and 
this is just what we find in making balloon ascents. 

But suppose a certain room will conveniently hold 100 people : it is 
clear that if the same number of people be forced into a room only half 
its size the crowding will be dreadful— or, to use a common phrase, the 
crowd will be very dense ; and it is also plain that the smaller the room 
into which these 100 people are pressed the denser will the crowd become. 
So with the atmos' here : the nearer you are to the earth the denser is the 
atmosphere— or, to put it the other wny about, the higher you rise from 
the earth the barek [i.e., less closely comi)resBed) is the atmosphere. 

Again, it is a matter of every-day experience that the more closely a 
crowd is packed the more desperately each person in it struggles for 
room : in other words, the more heavy the pressure the more strong is 
the resistance. And each little particle of which the air is made up has, 
so to speak, as decided a disinclination to be squeezed up as has any 
human being ; consequently, the more dense the air is the more it 
struggles for room. Now, when you take a piece of the stuff called 
ELASTIC and stretch it out, the more you stretch it the more it tries to 
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return to it« former shape. It is because of this power (by which it 
resists extension and tends to resume its former shape after being 
extended) that it is so named, for elasticity is the name given to that 
power by which bodies resist extension, and tend to return to their ori- 
ginal shape after having been extended. 

We thus learn that air is rendered dense by compression (that is, by 
subjecting it to weights or forces which compel it to occupy less room), 
and that as its density increases so must its elasticity also increase. It 
is necessary here to remark that when air or any gas suffers compression, 
the particles of which it is composed do not each suffer a diminution of 
volume ; the gas as a whole does occupy a smaller amount of space, but 
the room occupied by each individual particle is not lessened — the differ-* 
ence is in the amount of space remaining unoccupied between the parJ 
tides. Just in the same way, when people are crowded together they 
do not each actually fill less space than when the crowd is less dense, 
but there ts in the denser crowd less space rimaining unoccupied between 
and among the persons composing the crowd. 

In Fig. 4 let J be a glass jar containing eight quarts of atmospheric air 
(or any other gaseous body, t.e., any other gas or mixture of gases), and 
let P be a plate upon which 
J fits air-tight. By means of 
an air-pump let us now draw 
off from J just four quarts of 
air through the tap, T, which 
we immediately turn to pre- 
vent air from entering J again. 

We shall find that instead of 
J being now but lull f full, as 
we might perhaps have ex- 
pected, it will be quite full^ 
for the four quarts of air we 
left in J will expand at once 
and fill J once more. 

If we now remove four quarts of this expanded air, we shall find that 
the remainder will again expand, and once more J will be full of air. 

Proceeding in this way, we should find that as often as we removed 
from J any part of the air, or other gaseous body, which it contained, the 
remaining portion would at once expand to fill the whole of J. 

If, however, we suppose Fig. 5 to represent a very strong tube, TT, closed 
at the bottom, containing the liquid, W, and having a piston, P, Working 
air-tight in it ; then if P be raised it is evident that no air can get in 
between P and the water, consequently there will be a vacuum created 
between P and the surface of W ; for this liquid, W, will not expand 
to fill the unoccupied space as the gas did in Fig. 4. 
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Hero we seo aiiother difference between a liquid and a gas, m., that at 
fixed temperatures a certain weight of any liquid always occupies a 
certain fixed amount of space ; in other words, has a certain 
volume, and shows no tendency (exhibits no inclination) to 
occupy a greater volume ; whereas, under the same circum- 
stances, the volume occupied by a given weight of any gas 
.J 1 is very variable, and depends only upon the amount of vacant 
space (or, the size of the vacuum) into which it has the oppor- 
tunity of expanding ; in a w^ord, there is practically no limit 
to the volume of the vacuum which a given weight of air 
can fill. 

Let us now endeavour to understand the reason of this 
difference between the behaviour of a liquid and that of a 
gas. Let A, B, C, D, E in Fig. 6 represent five balls con- 
nected together by very strong elastic bands, which, as repr®. 
sented in the figure, are stretched to their utmost tension ; 
it is clear that the action of these bands will be to draw all 
the five balls together, and that it will be a matter of much 
^ difficulty to increase the distance between them. These 
bands represent a force which operates ever between the 
Fig. 6. particles of wliich every body is composed, an attractive 
force called the force of cohesion^ similar in its operation 
to the force by which the atmosphere is kept in proximity to the earth, 
which latter force is called the force of gravitation. 

The action of the force of cohesion^ if left to operate by itself, would 
evidently be to draw all the particles of bodies so closely together that 
they would touch one another, and so touch 
one another that there would be as little 
space as possible remaining unoccupied be- 
tween them ; and that being the case, it 
would be next to impossible to compress 
any body whatever into a smaller space, or 
to cause any body whatever to occupy a 
larger 8i)ace ; whereas, as a matter of fact, 
it is possible to cause all bodies to expand, 
and so to occupy more space than they do 
under any given conditions. The explanation of this fact is not far 
to seek ; it will be shown hereafter that, as a rule, all bodies expand 
when heated. But if any given weight of iron, or water, or gas of any 
kind, be made to occupy a greater space than it does at present, it 
is clear that all the individual particles of this body must be pushed 
farther apart, and to do this we require the assistance of some force acting 
in a manner exactly the reverse of that in which cohesion operates : this 
force is heat. 





PRELIMINARY. 


Ill Fig. 7 let F, G, H, J, K represent five balls, between which are 
placed very powerful springs, all tending to force these five balls asunder. 
Here we have represented a force acting in a 
manner the exact reverse of that represented 
by the elastic bands of Fig. 6. These springs 
represent a eepulsive force — viz., that of 

HEAT. 

The action of the force of heat would there- 
fore be to force apart the particles of all bodies 
containing heat, and it would appear that the 
more we heated a body the more this repulsive 

force between its constituent particles ought to increase— i.e., the moro 
the behaviour of that body should resemble that of a gas^ and the less it 
should resemble that of a solid or a liquid. Experiments confirm us in this 
supposition, for by heating icE, which is solid WATER, we convert it first 
into a liquid~yiz., ordinary water— and then into a gas— viz., STEAM ; and 
other bodies exhibit the same phenomena. On the other hand, if we make 
a body colder (which is done by subtracting from it some of its heat, as we 
shall see hereafter), we, in almost every case, cause its volume to diminish ; 
in other words, we cause it to occupy less space— and this is as true of 
gases as of liquids and solids. This is just what we might have expected, 
for if the addition of heat causes the volume of a body to increase, it is 
only reasonable to expect that the subtraction of heat would cause its 
volume to decrease. The same is clear from our illustration by Fig. 7 ; 
for while an increase of heat in the body increases the strength and ten- 
sion of the springs, so to speak, a decrease, or diminutiony of heat will of 
course diminish the power of the springs. 

Now, if a body contained no heat at all — though we have no reason to 
suppose such a body has ever yet been obtained — there would be, of 
course, no force of repulsion existing between its particles ; the force 
of collision would be loft 
to work its own sweet 
will without let or hin- 
drance, though, under 
ordinary circumstances, 
not without help. The 
help here referred to is 
the pressure of the atmo- 
spherCf the action of 
which we must now 
make clear. 

Let us suppose that the block of stone represented in Fig. 8 is absolutely 
cold ; then the force of cohesion is unhindered in its action, which action 
tends to compress together the particles of stone forming the solid block. 
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But the atmosphere in which this mass of stone stands immersed presses 
upon it in the directions indicated by the arrows A, B, 0, D, E, because 
the air which surrounds the block on all sides is compressed by the atmo* 
sphere above it, and in its struggles for room in resisting this compression 
it exerts a pressure upon the block on all its sides. The same thing happens 

when a stone is dropped into 
the sea. In Fig. 9 the stone 
A, in making room for itself 
in the water, has to force away 
just as much water as occupies 
the same volume as A, which 
water, being pressed down 
from above, resists this dis- 
placement by A, and con- 
tinually occupies its influence 
in tending to remove A from 
the position it has by usurpa- 
tion obtained in the water. The water, in fact, presses upon A on all 
sides, thus endeavouring, as it were, to force it back to the surface of 
the water ; but, failing that, the influence of the water upon A clearly 
is to comprfess all its particles together, as shown by the arrows. 

Before leaving this part of our subject, it should be remarked that the 
sum of the forces acting upon A in Fig. 9 is clearly equal to the weight of 
just as much of the liquid in which A is immersed as occupies the same 
volume as A; in other words, “every body immersed in a liquid is sub- 
jected to an upward pressure equal to the weight of th^ liquid displaced," 
To return to Fig. 8. The block there represented is immersed, not in 
a liquid, but in a gas, or, rather, a mixture of gases ; but this gaseous 
body affects the block in a manner similar to, though not with a force 
equal to, that in which the liquid of Fig. 9 acts upon A — i.e., it exerts 
upon it a pressure equal to that of the pressure of the atmosphere upon 
as many square inches as are equal to the exposed surface of the block ; 
and the effect of this pressure is clearly to assist the force of cohesion’in 
pressing together the particles of the stone. 

If, however, a body does contain heat, this heat in almost every instance 
occupies itself in holding asunder the particles of the body — i.e., it resists 
any compression of the body, and tends to produce expansion of the body. 
In such cases, then, we have two opposing forces at work between the 
molecules of the body — viz., the attractive force of cohesion (assisted by 
the ATMOSPHERIC PRESSURE) and the repulsive force of heat ; and there 
are three possible states in which these may be relative to each other, viz. : 

1. That In which the combined forces of Cohesion and Atmo- 
spheric Assure exceed that of Heat : this is the state in which are 
all bodies existing as solids or as liquids. 



Fig. 9. 



PRELIMINARY. 


9 


2. That In which the combined forces of Cohesion and Atmospheric 
Pressure are Just balanced by that of Heat, or, in other words, that in 
which the expansive force of heat is of a magnitude exactly equal to the 
combined attractive forces of cohesion and atmospheric pressure. This is 
the condition in which a liquid body is when just about to assume the 
gaseous state, when, in fact, the addition of heat in however small a 
quantity will convert the liquid into a gas, when, indeed, the addition of 
this extra heat will so increase the repulsion already existing between 
the particles of the liquid that the body becomes an example of the next 
state, viz, 

8. That In which the combined forces of Cohesion and Atmospheric 
Pressure are exceeded by that of Heat : this is the condition in which 
are all gases, including steam, which is simply gaseous water, i.e, water 
in the state of gas. 

The present is a fitting opportunity for explaining the meaning of the 
terms ** solid, liquid, and gas,*' as used in works on science. If a block 
of ice, taken at a temperature below the freezing point of water, be sub- 
jected to the action of heat, it gradually rises in temperature (i.c. in 
amount of sensible lieat, by which we mean heat which can be detected 
by a thermometer), and soon begins to melt, that is, to change from the 
solid into the liquid state. If heat be applied to the ice for a period 
sufficiently long, it will be found at last that all 
the ice has become changed to water ; in other 
words, the whole lump of solid water has changed 
to liquid water. But if the application of heat 
be still continued, the liquid water assumes ulti- 
mately a new form, viz., that of steam or gaseous 
water. To observe these phenomena, in the 
flask, F of Fig. 10, place a number of lumps of 
ice, apply heat by means of the spirit lamp, L, 
and watch the successive changes take place. 

If the mouth, M, of the flask were closed so 
that the steam could not escape, then the ex- 
pansive force generated by the continued action 
of the heat would bo so great that the flask would 
burst ; in other words, the force with which the 
particles of the water would be driven asunder 
by the action of the heat would so greatly pre- 
ponderate over the attractive influences of cohesion and atmospheric 
pressure, that the water particles (now in the shape of steam), in their 
extreme anxiety to get as far from one another as possible, would struggle 
so fiercely for room that it would become impossible for the sides of the 
flask to resist their outward pressure, and the flask would consequently 
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bur«t asunder witli a crash ; and sa it would, were it made of brass. The 
explosive power of confined steam is something tremendous; to its 
influence are due many useful as well as many disastrous occurrences : 
a steam-engine drawing a railway-train is an instance of the former ; the 
same engine, a shapeless wreck with a thousand fragments of its former 
machinery scattered far around, is a striking instance of the latter, and 
vividly illustrates the almost irresistible force of confined steam ; or, to 
put it another way, the tremendous power by which the particles of a 
gaseous body are driven asunder by the action of heat. 

With this previous explanation and illustration the reader will now be 
prepared for the following definitions of the three states or conditions 
of matter ; — 

1. The Solid state is that condition in which a mass of matter is when 
its particles are held together by forces which are not only sufficient to 
counteract the force, or forces, which tend to drive the particles asunder, 
but are so overwhelmingly greater than they that they maintain these 
particles in certain fixed positions, from which they cannot be moved 
without the expenditure of new force. 

2. The Liquid state is that condition of matter in which its particles 
are held together in a mass by forces which, though exceeding, or, at 
least equal to, the forces tending to thrust the particles asunder, yet do 
not so greatly exceed them as to be capable of preventing the particles 
from moving freely among one another. 

S, The Gaseous state is that condition in which is a mass of matter 
when its particles tend to fly asunder, and so to cause the body composed 
of those particles to fill all the unoccupied space into which it has the 
opportunity of expanding. 

From these definitions it will be observed that the characteristic mark 
of a solid is the fixed positions of its particles ; that of a liquid is the 
mobility of its particles among one another ; that of a gaSy its tendency 
to occupy increased space. 

Beturning now to the consideration of Fig. 7, it becomes evident 
that the more the five balls, F, G, H, J, K, are driven together by any 
force, the shorter become the springs, and consequently the more great 
their resistance becomes. When therefore we bring a pressure to bear 
upon a quantity of air, we, in effect, force together its particles in spito 
of the resistance of (the springs or) the repulsive forces acting between 
them. It is clear, however, that just as the elastic force of the springs 
is increased by their being forced to occupy less space, so the elasticity 
of the air is also increased by its being rendered more dense. Further, 
we now understand why the air expands in Fig. 4 ; vis., that since one-half 
the air is removed from J, there is nothing to resist the action of the 
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(Bprings, that is the) elastic force tending to thrust asunder the particles 
of air composing the remainder, which consequently take up positions so 
far apart that they occupy the whole of J, 

There is one other point to be noticed. It has been shown above that 
the tendency of any force operating in such a manner as to compress a 
body, i.c., to shorten the distance between its component particles, must 
be to increase the elasticity of that body by, so to speak, compressing the 
elastic springs acting between those particles. But if the strength and 
energy of those springs could be increased without compressing them, then 
the elasticity of a body might be increased without subjecting it to coni'- 
pression. Now, experiments prove most clearly that the action of heat 
applied to bodies is almost invariably to increase their length and breadth 
and depth — in a word, to increase their volume; and this increase of volume 
can only be brought about by increasing the repulsive forces acting 
between the particles of the body, which, otherwise expressed, is, in- 
creasing the elasticity of the body. There are therefore two methods by 
which the elasticity of a body may be increased ; viz. , first, by subjecting 
it to pressure in such a manner as to diminish its volume ; second, by 
subjecting it to heat without diminishing its volume. Cold, on the other 
hand, will of course diminish the elasti- 
city of a body. 

4, Experimental Proof of the Elas- 
ticity of the Air. 

(1.) In Fig. 11 let C be a cylinder open 
at both ends, but having its upper surface 
covered with a piece of wet bladder in 
such a manner as to be air-tight. The 
bladder having dried, the cylinder is 
placed upon the plate, P, of* an air- 
pump, as shown in the figure. In this 
position the bladder remains as it was 
before placing it upon the plate, i.e., it 
continues to maintain a level surface, 
the reason being that at present the 
elasticity of the air confined in C is equal to that of the air pressing down- 
wards upon the bladder ; the bladder is therciore forced upwards with a 
pressure equal to that with which it is forced downwards. 

Now let the air from C be gradually removed by the air-pump, then 
the force pressing the bladder upwards will gradually diminish as succes- 
sive portions of the air in 0 are withdrawn, while the pressure downwards 
upon the bladder will remain undiminished. The bladder accordingly 
assumes a concave shape when viewed from above, and finally bursts 
inwards with a loud report. 
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If, instead of exhausting the cylinder, C, we condenu the air contained 
in it by forcing in more air, then the bladder will present a convex surface 
when viewed from above, and will at last burst upwards and outwards 
instead of downwards, because in that case the density of the enclosed 
air being much gpreater than that of the outside air, the elasticity also of 
the former will greatly exceed that of the latter, and therefore the force 
tending to press the bladder upwards will greatly exceed that tending 
to force it downwards, and hence the explosion and the circumstances 
thereof. 

(2 ) Let R of Fig. 12 be the receiver of an air-pump, and let B be a 
small bladder partially filled with a very little air. Let the bladder be 
now closed by the stop-cock, S, and then let the receiver, R, be ex- 
hausted by means of the air-pump. Then it will be seen that the bladder 
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will swell out gradually as the exhaustion proceeds. (See Fig. 13. ) It 
may perhaps at last crack and burst if it be not a strong one. The reason 
is that the air enclosed in the bladder has a greater density, and therefore 
a greater elasticity, than the rarified air of R, and consequently exerts a 
greater force outwaids upon the sides of the bladder than the rarified air 
does inwards upon them. 

(3. ) Torricellian Experiment. Let us take the tube, A B (Fig. 14), which 
is about a yard long and not more than one-third of an inch broad, and 
fill it with mercury and then invert it into a cistern, C, of mercury. (See 
D E, Fig. 15.) It will then be found that the mercury will sink down to 
a level, L(Fig. 15), about thirty inches from that of the mercury in 0 (thus 
leaving between D and L a vacuum) and will there remain stationary. 

It has been already explained that the regions of the atmosphere nearest 
the earth are in a state of compression, and that they consequently exert 
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a great pressure upon the surfaces of all things immersed in them, such 
pressure being said to be caused by the daaticity of the air. This pressure 
exerts itself therefore upon the surfaces of all liquids exposed to the air, 
and in consequence of the extreme facility with which the particles of 
liquids move among and about each other, it is easy to see that any liquid 
struggling to escape this downward force would move in any direction 
open to it, whether that direction be upwards or downwards, to right or to 
left. It is also clear that, besides other opposing forces, this compres- 
sion of the air, or rather the elasticity of the air 
caused by this compression, would prevent liquids 
from rising up in the air. When therefore the 
tube A B is inverted in C (as D E), we find, firsts 
that the whole column of the contained mercury 
tends to sink down towards the earth, or rather 
the earth’s centre, but to do so we see, secondly^ 
that it must increase the amount of the mercury 
in C, and thus force up the level of the fluid in 
C in opposition to the opposing compressing force 
of the atmosphere^ assisted by certain other forces. 

Supposing, therefore, that the whole force exerted 
by the liquid in A B, in its attempt to obey the law 
of gravitation (the effect of which force is called 
the weight of the liquid contained in D E), is greater 
than the sum of the forces exerted upon the upper 
surface of the mercury in C, it is easy to see that 
the mercury in D E will begin to fall in the tube 
and to rise in C. But the farther the mercury falls 
in D E the less becomes the weight of that remain- 
ing therein, so that the less the force by which the 
level of the liquid is depressed* in D E the less be- 
comes its tendency so to fall, till at last the weight 
of the mercury in D E exactly equals that which 
the elasticity of the air over C can successfully 
resist; this state of matters being attained, the 
mercury sinks no more in D E, but remains 
stationary, as at the point K Again, if we sup- 
pose the liquid to have settled at L, we see clearly that if the pres- 
sure of the atmosphere be in any way increased, the result must be 
an increase of the force which the surface of the mercury in 0 has to 
sustain, and consequently the greater is the anxiety it manifests to be 
out of the way of this superincumbent pressure ; the result is a rise in 
the level of the liquid above the point L at which it formerly stood 
stationary, for in its efforts to escape the increased atmospheric pressure 
the liquid in 0 forces a portion of itself into D E sufficient to render the 
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veigkt of the contents of D E equsl to the utmost the present atmo- 
spheric pressure can sustain. The greatest height of mercury thus main- 
tained in position by the atmospheric pressure is never much above thirty 
inches. 

Now, mercury is about 13§ times as heavy as water, consequently it 
is clear that 30 inches of mercury are as heavy as (30 inches x 13J, 
<.c., about) 34 feet of water; we should therefore expect that if the 
atmospheric pressure can support the weight of 30 inches of mercury 
it could similarly sustain 34 feet of water, and in making pumps it is 
found that such is the case. 

This experiment has been utilised in making instruments called 
barometers. It has been explained above that an increase of atmospheric 
pressure forces up the mercury in D E higher than it was at first, while 
a diminution of atmospheric pressure causes a de- 
pression of the level of the mercury contained in 
D E. Now the pressure of the atmosphere at any 
place varies from day to day and from hour to 
hour, consequently, the rise or fall of the liquid in 
such a position as D E becomes a faithful index of 
the increase or diminution of atmospheric pressure, 
as the case may be. 

Such an arrangement as that shown in Fig. 15 
is called a barometer, in this case very crude 
in its conception, and requiring many improve- 
ments which it is not at present our purpose to 
explain. 

(4.) "We measure the elasticity of a body by the 
force it exerts, e.g.y by the weight it can support^ 
as in the following case. If one body can support 
twice as much pressure as another body, we say 
that the elastic force of the former is double that 
of the latter; or if the same body under certain 
circumstances supports double the pressure that it 
does under certain other circumstances, we con- 
clude that the elasticity of the body in the first case is double of that it 
possesses in the second case. 

In the accompanying figure (16) let T represent a long bent tube 
open at both ends, but having a stop-cock, S, by which the end T may 
be closed when desired. 

The stop-cock being open, pour in a quantity of mercury suflScient to 
fill the bend of the tube to the level a; then close the stop-cock and 
pour in more mercury at T. It will be observed that when left to itself 
the mercury does not now stand at the same level in both arms of the 
tube T, T^, but that the level in the arm T^ is much lower than that in T. 
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If now we continue to pour in mercury till the level in the arm Ti stands 
at b — ^that is, half -u ay between its last positioUt a, and the stop-cock ^ we 

shall find that the level in the other arm, T, will be just the same number 
of inches above the level 6, that a neighbouring barometer stands at. 
These facts are thus explained ; when both ends of T, are open, tlie 
mercury has the same amount of pressure to sustain in both arms of the 
tube ; but when S is shut and more mercury poured in at T, the air now 
enclosed between a and S becomes compressed more and more as the 
level of the mercury below it rises towards S ; but the more this uir is 
compressed the more its elasticity increases, 
and consequently the greater becomes the 
pressure which it exerts upon the advanc* 
ing level of the liquid in T^. But all this 
time the pressure of the atmosphere upon 
the level of the mercury in T remains un- 
changed, consequently, the more mercury 
we pour in, the more we increase the differ- 
ence between the pressures exerted upon 
the level of the liquid in Ti and that of tlie 
liquid in T. It is therefore easy to see that 
the mercury, meeting with more resistance 
towards Ti than towards T, will by preference 
rise rather in the latter than the former, so 
that at first sight it would appear probable 
that the liquid would not rise at all in Th 
But, if we consider a moment, it becomes 
evident that supposing the liquid to be at 
a a, and more mercury to be poured down 
the tube through the funnel at T, the 
former level of the liquid ju T must be 
pressed downwards not only by the ordi- 
nary atmospheric pressure, but also by tho 
weight of the mercury newly poured in; 
and this additional force, exerted with a downward tendency in T, 
goes to balance the force exerted (also with a downward tendency) by 
the increase of elasticity of the air enclosed in the arm ; or, more cor- 
rectly speaking, it so thrusts down the level of the liquid in T that it 
forces the level of the liquid to rise in T', thus compressing the air con- 
tained in jibe arm Tb and in this way generating an increase of elasticity 
in this air, which increase of elasticity goes to counteract the infiuence 
generating it with a force continually augmenting till it is at last of 
power suflBoient to effectually resist (and thus neutralise) the tendency 
of the liquid to rise towards S ; at this point equilibrium Is estabUsbed 
once more. 
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Now, after the closing of S, and before the addition of the new mer- 
cury, the elastic force of the air imprisoned between a and S was sufficient 
limply to balance the elasticity of the free atmosphere at that moment, 
which elasticity is equal to the weight of a column of mercury of the same 
height as the distance between the second levels of the liquid in T and T^. 
But after the level b is attained, the elastic force of the air between b 
and S is sufficiently great to balance the weight of twice the amount 
of mercury it did before, for it not only balances the atmosphenc 
pressure upon the level of the liquid in T, but also the same amount 
of mercury that this atmospheric pressure (upon the liquid in T, that is) 
is capable of sustaining. Therefore, by diminishing the volume of the 
air in T‘ to one-half, we have increased its elasticity to double that it 
was at first. 

And if, by the addition of still more mercury to the column in T, we 
continue to inciease the upward pressure upon the level in till we 
force it up to C, thus reducing the volume of the air confined in to 
one-fourth its original volume, we shall find that the elasticity of this 
confined air has been thereby increased to four times its original amount, 
for it now supports not only the atmospheric pressure, but also three 
times as many inches of mercury as are read at the moment upon a 
neighbouring barometer. 

By these and similar experiments we are led to observe that the 
increase of elasticity caused by tin increase in the 
density of a gaseous body is in accordance with the 
following rule, called 

Mariottes Law — If the Temperature remain con- 
stant, the Elastic Force of a given mass of Gas 
varies inversely as its Volume, and directly as 
its Density. 

(5.) To show now that the elastic pressure of the 
atmosphere is exerted in every direction, we may take 
the Magdeburg Hemispheres, Fig. 17. 

A and B are two hollow hemispheres made of brass, 
and with closely-fitting edges (e c). These having 
been well greased and put together, we experience 
no difficulty in separating them again so long as they 
contain air of the same density as that outside them, 
but as soon as the air has been exhausted from them, 
through the tube 0, we find it necessaxy to exert 
great force before they can be separated from each other. The reason 
is that the elastic force pressing inwards upon them before the air was 
removed was counterbalanced by that of the air inside them ; but as soon 
as the inside air was removed there was nothing to counteract the inward 
pressure 4>f the air outside them, and it became necessary, therefore, to 
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exert sufficient animal force to overcome the elastic force of the air before 
yre could pull them asunder. 

Now, as this experiment is equally effective in whatever position we 
hold the apparatus, it is clear that the elastic force of the air is equal in 
all directions. 

6. Experimental Proof that the Air has Weight.— Much of what we 
have said depends upon the fact that the air has weight, which amounts 
to the same thing as saying that the air exerts a steady pressure towards 
the centre of the earth, which pressure is induced by the action of gravi- 
tation. 

The following experiments will illustrate this property 
of the air : — 

(1.) Let the globe G be filled with air and weighed. 

Then let it be exhausted of air by means of an air- 
pump and the stop-cock C, and then weighed again : 
it will have lost as much weight as is equal to that of 
the air withdrawn. 

N.B , — At the temperature of freezing water, and 
with the mercurial barometer standing at 760 milli- 
metres (see sec. 4), it is found that a litre of a\r 
weighs 1‘293 grammes ; under the same conditions, a 
litre of water weighs 1000 grammes. Hence 

The weigh^of a litre of water _ 1000 _ 18- 

The weight of a litre of air 1*293 ‘ 

So that wata' is under these conditions 773 times heavier than atmospheric 
air. 

(2.) The rising of a balloon, and of smoke, in the air may also be taken 
as indirect pi oofs that the air has weight. Balloons and smoke each rise 
through the atmospheric air because they are lighter than the volumes of 
air which they respectively displace. (Compare Fig. 9.) 

A balloon filled with a gas heavier than atmospheric air would not rise, 
and smoke when it happens to be heavier than the air sinks to the earth. 

6. Aqueous Vapour In Its Relation to the Atmosphere. — Besides 
the gases oxygen and nitrogen, of which air is principally composed, 
there are other gases which, though existing in it in but relatively small 
quantities, are by no means unimportant as regards the phenomena to 
which they give rise. Perhaps the most important of these is Aqueous 
Vapour — that is, water in the gaseous condition. 

Pure water, whether it be in the solid condition (as ice), or the liquid 
condition, or the gaseous condition (as ** Aqueous Vapour'' or “sieam”), 
is composed of two gases, oxygen and hydrogen; indeed, if the steam 
generated in the vessel of Fig, 10 be driven through a porcelain tube 
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hcMited to inteiiiity» it will be broken up by the heat into its constituent 
gases, oxygen and hydrogen. The young student will be interested to 
hear that although water will neither burn nor permit a candle or any 
such light to bum in it, yet one of its constituent gases — riz,, hydrogen — 
will burn in the air with a blue flame, but a light goes out when plunged 
into it. On the other hand, although oxygen itself will not bum in the 
air, a candle or other light when plunged into it bums most brilliantly ; 
so that by decomposing the water we obtain two gases, each possessing 
properties foreign to the water itself. Substances so combined as are 
oxygen and hydrogen in this case are said to be chemically united. 

The oxygen present in atmospheric air is not combined in this way with 
the nitrogen with which it is mixed. As found together in air, both the 
oxygen and the nitrogen retain their peculiar properties. Gases existing 
together in this condition are said to bo mechanically mixed. 

The heat of the sun as it shines upon the earth so acts as to convert the 
water upon the earth’s surface into steam — t.c., invisible watery vapour. 
The same thing occurs when a kettle boils over the fire : steam leaves the 
spout of the kettle in an invisible condition, but coming then into con- 
tact with air much colder than itself, it loses heat and becomes visible as 
a kind of cloud. It is found by experiment that the hotter a mass of 
almospheric air is^ the greater is the quantity of water which it can contain 
in an invisible condition as watery vapour. When such a mass of air 
contains as much water in this way as is possible for it to hold in an 
invisible state, it is said to be saturated with vapour. 

With this explanation to help us, let us now trace all the changes 
which a quantity of water undergoes when boiled in a kettle. The 
first ejffect produced upon it by the heat is to raise its temperature up 
to the boiling point. The water then gradually converts to steam, 
which issues from the mouth of the kettle in an invisible condition, as 
may be observed by carefully examining the mouth of the kettle. Pass- 
ing now into the air which surrounds the kettle, and which is cooler than 
the steam itself, the steam loses some of its heat to the air with which it 
is in contact, and assumes the visible state, being now, in fact, a multi- 
tude of minute drops of water in the liquid form. These drops, being 
extremely small, float easily in the atmosphere until they either convert 
again to vapour, in oonsequenoe of their mixing with a larger body of air 
the heat of which is sufficient to maintain them in the gaseous condition, 
or are further cooled by contact with other cold bodies, in which case 
they unite with other neighbouring particles of water which are continu- 
ally forming under the influence of the cold to which the vapour is 
exposed, and the drops of water thus formed become at last so large and 
heavy that they no longer float in the air, but descend as drops of rain. 

Sometimes this cooling is so large and sudden that the watery vapour 
eonverts almost immediately to the solid condition, and then we get a 
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fall of snow instead of a shower of rain ; in other words, we experience a 
fall of water in the solid instead of the liquid condition. 

Occasionally it happens that the drops of rain in their downward 
passage to the earth ore frozen in oonsequenoe of the loss of heat they 
undergo in passing through layers of air colder than themselves : we then 
get a fall of hail. 

Watery vapour being lighter than atmospheric air, it follows from 
what we have said above (sec. 5) that it always rises, when free to do so, 
into the higher regions of the atmosphere ; and the lighter this vapour is 
— that is, the less condensed it is— the higher it will rise above the earth. 
We thus understand, not only why clouds— which are really watery 
vapours in the visible condition — rise above the earth, but also why it is 
that the clouds known as rain-clouds always float nearer the earth than 
the other clouds : for the rain-clouds are composed of the larger drops of 
water, and are therefore, as it were, the heavier clouds. 

Again, since watery vapour is lighter than atmospheric air, it follows 
that if there be an unusually large quantity of this vapour present in the 
atmosphere at any place, the pressure on the lower portions of the atmo- 
sphere (that is, those portions which are nearest the earth) will be less 
than would be the case if this vapour were replaced by dry air; from 
which it follows that an increase in the amount of watery vapour present 
in the atmosphere will be indicated by a fall in the barometer. But the 
greater the quantity of vapour present in the atmosphere, the greater is 
the chance of rain : it is for this reason that a fall of the barometer is 
usually taken to foretell rain. 

AVe have so far spoken only of one means of cooling air — ^viz., contact 
with colder bodies. There is another very important means of chilling 
air, and that is its own expansion. It has been already observed that air 
and other gases exhibit a characteristic tendency to expand so as to fill 
larger volumes ; whenever tb^^j do spoutaneously so expand they always 
do so at the expense of their sensible heat. This leads to an explanation. 
The total heat in any body may be roughly divided into two parts, one of 
which is employed as a repulsive energy tending to force the body to 
expand, while the other part is occupied in giving the body that heat 
which may be felt by the hand or seen by the eye in its effect on a ther- 
mometer (sec. 29), and is hence known as sensible heat. 

Because the former of these two kinds of heat is not discoverable by a 
thermometer, it is termed latent (i.e., hidden) heat. If the block of ice 
in Fig. 10 be taken at a temperature lower than that of freezing water, 
it will, under the influence of the heat supplied it by the lamp, gradually 
become warmer and warmer until it reaches the temperature of freening 
water. So far all the extra heat it has gained has been indicated by an 
increase of sensible heat ; but now a change takes place, for although the 
lamp still continues to supply heat to the contents of the flask (Fig. Ifi), 
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a thermometer x)laced therein fails to record any increase of heat. The 
reason is this: the heat which the lamp now supplies is all occupied in 
converting the ice into liquid water, and is thus becoming latent. As 
soon, however, as this process is complete, and the whole body of ice at 
the temperature of freezing water has been converted into liquid water 
at that temperature, the additional heat which the lamp continues to 
supply shows itself as sensible heat by a gradual rise in the temperature 
of the water, and this continues till the water begins to boil — that is, to 
convert to steam. At this point there is another temporary stoppage in 
the rise of the thermometer : the heat is now employed in changing the 
water to steam, and thus becomes latent. 

With reference to water, then, we may say that latent heat is the 
heat employed in converting iccinto water oruater into steam; or, speaking 
more generally, we may say that latent heat is the heat employed in effecting 
a change in the physical state of a hody—i.e.^ either in converting a solid 
into a liquid or a liquid into a gas. 

When a gas changes into a liquid, or a liqiiid into a solid, the latent 
heat in each case is given up by the body which contained it, and it has 
been found possible to use this heat in such a way as to make it clear that 
when a body of water converts to ice it parts with as much heat as would 
raise an equal weight of water through 79"4® C. (or 143® F.) of tempera- 
ture, and in the same way that when a body of steam changes to water 
it parts with as much heat as would raise an equal weight of water 
through 637*2® 0. (or 967° F.) of temperature. For this reason it is said 
that the latent heat of water is 79 4° C., and that the latent heat of steam 
is 537 *2“ C. 

To return now to the point at which this explanation became necessary. 
We have said that whenever air expands spontaneously it undergoes a 
chilling ; in other words, its sensible heat undergoes a diminution, and 
evidently this is so in consequence of the conversion of a portion of the 
sensible heat into latent heat, this latent heat being required to enable 
the air to effect the expansion which takes place in its volume. But we 
have said also that an increase in the amount of watery vapour in the 
atmosphere causes a diminution of atmospheric pressure. Suppose, then, 
a stream of air laden with aqueous vapour beginning to pass through a 
region of the atmosphere where the air had been much less charged with 
such vapour : the consequence must be a diminution of the atmospheric 
pressure, resulting in an expansion of the air in the lower regions of the 
atmosphere. This expansion will cause a chilling of the expanding air, 
and this chilling will spread in all directions through the atmosphere, 
and lead to the condensation of aqueous vapour, the production of a cloud 
in the sky, and perhaps a fall of rain. 

N.B . — The present is a convenient opportunity for adding a few words 
on what is called the cold of evaporation. We may perhaps best explain 
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wRat is meant by this if we describe that piece of apparatus which is 
called the Cryophorus, i.e,, the ** ice-carrier.” This consists of a bent 
tube with a bulb at each end. (See fig. 18 r.) In the construction of this 
apparatus care has been taken to expel the air from it, so that the tube 
and bulbs contain no gas, except the vapour from the water in the bulb A. 

The bulb A is placed 
in an empty tumbler 
to keep it from the 
action of air currents ; 
the bulb B is sur- 
rounded with lumps 
of ice. The conse- 
quence of this posi- 
tion of the bulb B is 
that the vapour in it condenses to water, and to take its place new vapour 
arises, from the water in A. But to effect this vaporisation heat is required, 
and this heat is supplied by part of the sensible heat of the water in A, 
which is thus rendered colder than it was before. But, by the continued 
action of the ice around the bulb B, this new vapour is in turn condensed 
to water, and by this means fresh supplies of heat are withdrawn from 
the water in A till it at last becomes frozen. The heat thus abstracted 
from the water in A actually goes to melt the ice surrounding B. 

7. The Influence of Atmospheric Pressure in connection with the 
Bolling' Point of Liquids.— -In connection with Fig. 8 we have endeavoured' 
to show that the pressure of the atmosphere upon bodies immersed in it, 
is one of the chief agents by which the repulsive action of heat is opposed. 
To put this once more clearly before the young student, we will remind 
him that there are two chief forces tending to hold together the particles 
of bodies, and these two forces are (1.) the force of cohesion and (2.) the 
pressure of the atmosphere^ and that the chief force by which the action 
of these two is opposed is heat. 

Now when a liquid begins to boil, it is in the act of coming to pieces^ as 
it were; its particles begin, in fact, to exhibit a strong tendency to 
separate from each other, and it is clear that the exhibition of this 
tendency can only be accounted for, on the supposition that the repelling 
energy of the heat in the liquid is greater than that of the force of 
cohesion and of the atmospheric pressure combined. From which it 
clearly follows that if the pressure of the atmosphere be diminished, 
a less degree of heat will suffice to boil the liquid. It is for this reason 
that liquids boil at a lower temperature high up on mountain sides than 
they do at the sea-level. The lowering of the boihng point is about l^C, 
for every 1000 feet of elevation^ 

In consequence of this depression of the boiling point upon mountain 
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lidefl, it is found impossible to cook food in open vessels under such dr- 
cumstanoes, for the water boils at a temperature which is insufficient for 
softening the fibres of the vegetables, &c., which it is desired to cook. 
By using closely fitting covers to the vessels, however, this difficulty can 
be overcome. In the closed vessel of Fig. 19 the steam, S, in its endea* 
vours to expand presses in all directions, and 
consequently exerts a downward pressure upon 
the water, W, the boiling of which is therefore 
retarded until heat in sufficient quantity to 
overcome this resistance has been supplied. 
By this arrangement the pressure due to the 
presence of steam above the water is made to 
supplement the pressure of the atmosphere in 
preventing the water from boiling. 

An amusing and instructive illustration of 
the dependence of the boiling point upon 
atmospheric pressure is the following. In the 
open flask, F, place a quantity of water and boil it by means of a lamp or 
Bunsen’s burner, L. When the water has boiled briskly for some minutes, 
take away the lamp, allow the bubbling to cease, and quickly place a 
tightly-fitting cork in the mouth, M, of the flask. 

At the moment of placing this cork in its position all the upper part of 
the flask is filled with steam, for all the air will 
have been driven out. Take now a sponge full 

t of cold water and squeeze its contents out upon 
this upper part of the flask. By so doing a 
condensation of the steam in F is effected, and 
the water-drops due to this condensation collect 
on the cold sides of the flask. But by con- 
densing the steam in this way we reduce the 
pressure in F upon the water, W, and we thus 
create conditions under which water requires 
less heat than usual for its boiling; the con- 
sequence is, that the water although decidedly 
cooler than when it ceased to effervesce, is 
yet warm enough to })oil under its new 
_ ^ circumstances, it consequently begins to 

pjg oQ bubble and boil again, thus presenting the 

singular spectacle of water boiling in conse- 
quence of an application of cold water. 


8. Atmoaplidrio Currents (involving an explanation of the Bxpansloii 
of oases, the principle of the Fire-Balloon, the oausas of the 
Trade-Winds), and the principles of VentUatioa. 


PKELIMINAEY. 


23 


<1.) T/ie Expansion of Ckues hp In the accompanying figure let 

F be a flask containing air at the ordinary temperature ; and through 
the cork, 0, which must fit air-tight, pass the tube T, T containing a 
quantity of liquid, L. 

Now if the flask, F, be heated by holding it between the hands, or by 
any other method, the level of the liquid, L, will descend in that branch 
of the tube which is nearest the flask, and rise up in the other branch. 
The reason is that the air confined in F expands under the influence of the 
extra heat supplied to it, and it effects this expansion by forcing the 
liquid, L, before it. 

We have here an example of the expansion which gases undergo under 
the action of heat : other gases undergo similar 
expansions under similar circumstances. 

In the accompanying figure (Fig. 21) it is evi- 
dent that the air in F is able to drive the liquid 
before it, because its elasticity exceeds that of 
the air outside the flask. If, however, the ap- 
paratus be allowed to cool again, the liquid w ill 
presently resume its former position, and if the 
flask, F, be now placed in a vessel of ice it is 
clear that the elasticity of the air in F will 
become less, because of the cooling it will 
undergo ; the consequence will be that the level 
of the liquid will rise in that arm of the tube 
nearest F, and fall in the other arm. The liquid 
in each case moves towards that quarter in which 
the pressure (arising from the elasticity) is the 

least, which, in this case, is the same as saying that it moves from the 
warmer towards the colder cuiarter. Advantage has been taken of this 
fact to construct wbat is called 

The Differential Thermometer. This is an instrument for determining 
by how many degrees one of two liquids is hotter than the other. The 
apparatus consists of two flasks, F, F^ joined by a tube, TT. 

"When both the flasks (which should be of equal capacities) are at the 
same temperature the elasticity of the gas (usually air) in the one is equal 
lo that in the other ; consequently the levels of the liquid in TT coincide 
at the points marked O®. 

But if the flask, F, be immersed in a liquid of a certain temperature, 
while F^ is immersed in another liquid which is 6® warmer, the level of 
the liquid in TT will rise in the arm of the tube nearest F to the point 
marked 6®, and will of course descend an equal distance on the side 
nearest F^. It is thtis possible by this instrument to determine by how 
many degrees one liquid is hotter than another, without knowing the 
actual temperature of either of them. 
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Let XU now in imagination take any given bulk of air, and fancy it en- 
closed in an imponderable globe and suspended in the air ; it will 
neither rise nor fall ; but if we now imagine it made hotter while the sur- 
rounding air remains at the same 
temperature, it will follow that, 
if the globe whiph encases it 
offer no resistance, the globe of 
air will gain in bulk but not in 
weight ; in other words, the 
heated air will become volume 
for volume lighter than the air 
wliich surrounds it. Now thia 
expansion of the given volume of 
air is effected by means of heat, 
and the particular quantity of 
heat occupied in effecting this 
expansion is exactly equal to 
that by which the increase of 
I^g. 22. temperature was, in the first 

place, supposed to be effected in 
our imaginary globe of air. When, therefore, the expansion is com- 
pleted, the air within the globe is left of an equal temperature with that 
outside it. 

But of two given bodies of air (or other gns) at the same temperature, 
that one will have the greatest elasticity whose density is the greatest; 
consequently the elasticity of the air in our imaginary globe will be less 
than that of tlie air surrounding it ; it will consequently not be able to 
maintain its position, and will be forced to ascend till it reaches a region 
where the density, and therefore the elasticity, of the air surrounding it 
is equal to its own, and there it will rest. From all which it is clear that 
heated air has a tendency to rise towards the higher regions of the atmosphere, 
and, as a matter of fact, does so rise when free to do so, and further, that 
this upward motion ceases so soon as the ascending air reaches a point at 
which the elasticity of the surrounding air is equal to its own. 

We are now ready to understand 

(2.) The Principle of the Fire Balloon . — A fire balloon is a hollow 
sphere containing atmospheric air. At the lower part of it there is an 
opening, and below this opening is a vessel for containing fire. This 
fire causes a current of heated air to rise through the opening in the 
balloon, and as this hot air is lighter than the colder air which surrounds 
it, the balloon rises for reasons similar to those set forth in section 5. 

(3.) Trade Winds.— li has now been made sufficiently clear that air, sur- 





PRELIMINARY. 


25 


rounded by other air less heated than itself, will rise up from the earth. 
Now the sun as it shines upon the earth does not heat all parts of it to 
an equal degree ; it is well known that the air within the tropics is 
rendered much hotter in consequence of the sun's action than that in 
latitudes north and south of the tropics. Consequently, there is a con- 
tinual upward stream of heated air from this hotter region, and the place 
of this air is taken by the colder air which rushes from the colder regions 
north and south of the tropics. 

Now, if the earth were a body without motion, the consequence of this 
continual displacement of air would be a regular north wind in the 
northern hemisphere of the earth, and a south wind in the southern 
hemisphere. But, as the earth is in a state of constant revolution from 
west to east, it follows — from 
the state of association which 
obtains between the earth and 
the atmosphere (see § 2) — that 
the atmosphere itself is also in 
a similar state of revolution. 

In Fig. 23 let the line PP^ re- 
present the axis of the earth, and 
EE the equator. It is evident 
that while the earth revolves 
about its axis, P P^, any point 
on the equator must perform a 
greater journey in a given time 
than any other point north or 
south of the equator ; from 
which it follows that the velo- 
city of a point situated on the. 

earth’s equator is greater than that of a point situated north or south 
of the equator ; from which it again follows that those parts of the 
atmosphere, which are situated north or south of the earth’s equator, 
move with less velocity than those immediately over the equator. 

When, therefore, a current of air sets towards the equator from the 
northern hemisphere, it approaches a region where the velocity of the 
earth and the air in moving eastwards is greater than its own : to a 
person situated, therefore, at the equator such a current appears to have 
somewhat of a westerly direction, because if he stands with his face 
towards the east he strikes the air with his face, but being unconsciowa 
of his own motion^ he judges that the air must be in motion, and that in a 
direction contrary to that in which he himself is moving. Let us suppose 
two trains moving eastwards with different rapidities on the same line of 
rails, and let us suppose that the quicker of the two is some distance 
behind the other, Suppose now a passenger in the quicker train, uncon- 
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soioTiB that his train is in motion ; as soon as the eollision oocnrs he will 
confidently affirm that the train with which his train has come in oon* 
tact was moving westwards when the disaster occurred, whereas it was 
actually moving in the opposite direction. In the same way, therefore, 
does a person at the equator judge of the wind which blows from the 
north : to him it seems to come from the north-east, because it appears 
to proceed towards the south-west. The wind coming from the regions 
south of the equator is known as a south-east wind because it appears 
to proceed towards the north-west. 

Because these winds blow regularly and almost uninterruptedly during 
certain seasons of the year they have been found of much service to 
mariners, and are of great importance therefore in commerce ; hence they 
have been called Tradt IFinds. 

(4.) The Principles of Ventdation . — Into a shallow vessel of water stand 

the glass chimney of an or- 
dinary paraffin lamp, and 
let a lighted taper float 
upon the water in the 
chimney, as shown in the 
figure. It is found that 
the taper soon goes out. 
The reason is that the 
candle when burning cie- 
ates a gas called carbonic 
acid (JOS ; in this gas no 
lighted candle can live. 
Still this gas, and the air 
remaining in the chimney, being hot, would rise up and make room for 
new supplies of air if it were free to do so, but the fact is that a kind 
of fight takes place at the top, T, of the chimney ; the hot air struggles 
to rush upwards, and the cold air struggles to rush downwards through 
T, and the consequence is, that while this struggle is proceeding the 
taper below dies from starvation (i.c., from want of a proper supply 
of fresh air) and from poison (i.e., from the mischievous effects of 
the gas it has itself produced). Now, in order to enable the taper to 
bum in ibis apparatus all we need do is to place a kind of thin partition 
in the chimney at T ; a bit of tin will do. (See Fig. 25. ) As soon as this 
is put into the chimney at T the hot air rises on one side of the tin, and 
the cold air descends on the other side. This is an instance of ventilation. 

Now, it is well known that man, and, in fact, every animal, when 
breathing gives out the same gases from his body that a candle produces 
when it is burning in the air. Of these gases there are two, viz., watery 
vapour and carbonic acid gas. Heat also is produced in both oases. And 
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f arther, tlie effect of carbonic acid gas is tbe same upon animal life as 
upon a lighted candle ; it is a poison to both of them. 

It thus becomes necessary to provide our rooms with means for remov- 
ing the air rendered impure by being breathed, and for bringing in fresh 
supplies of purer air. The most ready means for effecting this is the fire, 
from which a current of air continually ascends up the chimney, and 
towards which there is therefore a constant current of air from other 
parts of the room. 

Again, another method is to place revolving or other ventilators in 
the ceiling of the room to be ventilated ; the air as it leaves our bodies 
is always hot, it consequently rises and so escapes through the ventilators 
placed conveniently for that purpose. 

All plans for ventilating our dwelling-rooms must evidently depend 
upon the circulation of the air in them. The general course of this cir- 
culation may be thus described. There is an indraught of air beneath 
the bottom of the door and through other apertures towards the floor of 
a room ; the greater part of this air proceeds straight to the fire-place 
where a portion of it is drawn into the chimney current, and so regains 
the outside of the house, while the remaining portion, having been heated 
in consequence of its proximity to the fire, ri^es up before the fire and 
thus reaches the ceiling ; here it spreads out, and after a while becoming 
cooler than it was on rising, it begins to descend again, and once more 
crossing the floor of the room is again drawn into the current w'hicli is 
setting towards the fire-place. From this explanation it is evident that 
1st. If we wish to get rid of the hot air from a room we must provide 
it a moans of egress from the upper part of the room. 

2d. If we place a bit of musk on the mantel-piece in a room in which 
a fire is burning, the persons near the w'alls and the door will 
smell it sooner than one who sits before the fire. 

3d. That a lighted candle Vl^ced at the bottom of the door in the 
inside of a warm room will have its flame blown inwards^ but 
placed at the top of the door will have its flame blown ouUoarda, 

9. The Air-Pump. — It now becomes necessary to explain the construc- 
tion and uses of the air-pump. In the accompanying figure (26) the piston, 
P, works up and down in the barrel, BB. In this piston is a valve, V, 
the action of which is assisted by the spring represented in the figure. 
£ is a conical stopper constructed to exactly fit the entrance to the 
passage, AA. This stopper is attached to a rod which passes up through 
the piston, and carries a button by which the extent of its upward pro- 
gi’ess is limited. B is the receiver of the air-pump ; it is generally of glass, 
e.nd is the vessel into which objects are placed when it is desired to 
observe the effects produced upon them by depriving them of air. It 
rests upon the highly polished plate of glass or brass, GG. The stopcock, 
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S, ii used to cut off communication between R and the other parts of 
the apparatus, and thus diminish the chances of air re-enteriug the 
receiver. 

Suppose the piston, P, to begin to descend; as it does so it carries 
down with it the rod, CE, and the stopper, E, thus closing the entrance 
to the tube, AA. The piston now slides down the rod, CE, and there* 
fore the air below the piston becomes compressed, and consequently forces 
its way out through V. The piston having reached the bottom of the 
barrel may now be supposed to ascend ; in so doing it at first carries up 
the rod, CE, with it, thus re-establishing the connection between the 
barrel, BB, and the tube, A A. The upward progress of CE is soon, how- 
ever, arrested by the button, C ; the piston therefore slides up the rod, 



OB. As soon as the upward motion of the piston commences, there is 
a tendency of the outer air to enter the barrel through the valve, V. 
This tendency, assisted by the action of the spring above the valve, 
immediately closes it ; therefore, in the act of ascending, the piston will 
remove from the apparatus as muoh of its contents as is equal to the 
cubical space described by the piston in passing from its lowest to its 
highest positions in the barrel. 

It will be evident, however, from what we have said on gases (see § 3), 
that as soon as a certain quantity of air has been thus removed the 
remainder will immediately expand to occupy the space originally filled 
by the whole of the air ; in other words, each stroke of the air-pump will 
leave the quantity of air in the apparatus less in weight, but not less in 
volume. Let it be supposed that each stroke removes one*tentb of the 
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oonteuts of the receiver ; then it is clear that the weight of air remaining 
in R after each stroke is nine-tenths of that in R before that stroke, from 
which it is easy to see that although we can reduce the air in JR to a very 
fine degree of rarity ^ we can never jn^oduce in it a perfect vacuum^ because^ 
after the last stroke made there will be, say, nine-tenths of the air 
remaining in it that was there after the stroke before it. 

Another cause preventing the obtaining a perfect vacuum by means of 
an air-pump, is the unavoidable imperfections of the apparatus. 

In order to have some indication of the state of exhaustion of the air 
in R at any particular point of our experimenting with it, a mercurial 
gauge represented by the bent tube, M, in Fig. 26, is employed. The 
mercury in the cistern, N, is open to the atmospheric pressure of the air 
outside the apparatus, and that in the tube, M, is similarly subject to the 
pressure of the air inside the receiver, R. When therefore the air within^ 
and the air without R, are of the same elasticity, the mercury in M is of 
the same height as that in N. But when, by the action of the pump, the 
density of the air in R is less than that outside it, the mercury begins to 
rise in M, and it is evident that if a perfect vacuum could be produced in 
R, the height of the mercury in M would correspond to the reading on 
a neighbouring barometer, (See § 4, Fig. H.) 

There are many forms of the air-pump ; into a description of these it 
is not our present purpose, however, to enter. 




several ways ; for example, he may throw it to B, or he mav give it to 
the hoy C who will pass it to D, and so on to B ; in this latter case the 
matter (the sixpence) passes from A to B by stages. 

Now let ns suppose that instead of wishing to give B a sixpence, A 
wishes to give him a blow in the chest without either of them shifting 
their positions ; he may take a long pole of wood and strike B with the 
end of that, or, he may strike C and C may strike D and so on ; and in 
this way a motion starting from A may be propagated from A to B, and 
if each of the persons, C, D, E, F, G, H, gives up the blow exactly as 
forcibly as he receives it, we may then say that the motion it translated 
unimpaired from A to B. 

Here we hare obtained some idea of a proposition we wish to establish, 
vis., thcd motion^ like matter, can he translated from one place to amlher^ 
aad that, either directly, by means of a rigid body (c.p., a pole of wood) 
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or, by stages, by means of a number of intervening agents (c.fir., a number 
of boys standing in a line). 

In Fig. 28 the man at B is supposed anxious to cause the end of the 
rope, BA, to vibrate at A, i.e*, to move upwards and downwards ; he can 
do this by simply lifting the end, B, up and down several times, where- 
upon a kind of hump will run along the rope from B to A, as represented 
by the dotted line in the figure. Here then we see another and more 
satisfactoiy instance of the translation of motion from one place to 



another, the motion in this case being propagated through a solids viz., 
the rope AB. 

Again, when we drop a pebble into still water, we notice that a series 
of waves starts from the point where the pebble struck the water, and 
travels outwards from that point in concentric circles. In this cane we 
have a translation of motion through a liquid, for the agitation of the 
water at the point where the pebble struck it is communicated to the 
water surrounding that point, and is by it again transmitted to the water 
still further from the point of agitation, the motion being in this manner 



Fig. 29. 


propagated from point to point, till it at 
last reaches that portion of the water 
furthest from the centre of disturbance. 

Fig. 29 represents a number of ivory 
balls suspended by light threads; if 
the ball A be pulled a small distance to 
the left and then let go it will return 
fwith sufficient force to carry it so far 
beyond its first position that it wi 1 
strike B, which will thus be driven for- 
wards to strike C, and C will then strike 
D, D will then strike E, and E wUl 
strike F, driving it forward to F^. Here 
we see motion transmitted through a 
system of disconnected solid bodies. 


Take, now, a tuning-fork, and cause it to vibrate in the position A, 
thus producing a certain musical note. This note is clearly heard by the 
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tnan at B, ao that here we see that a something passes through the air 
from A toB ; what is that sornethmg which so passes, and which, striking 
upon our ears, causes the sensation of Sound*** It is supposed to be 
motion and to act thus : — The tuning-fork when sounding is undoubtedly 
in a state of very rapid motion, as we shall show below ; this motion it 
communicates to those particles of the atmosphere which are in close 
proximity to it, and these again communicate the motion to the parts of 



the atmosphere more distant than themselves from A, and the motion 
thus propagated from point to point of the atmosphere is at last com- 
municated to the air in the ear of the man B, and there causes the 
sensation of sound. 

If the propagation of sound then be, as is believed, a propagation of 
motion from particle to particle of the atmosphere, we have in sound an 
instance of the translation of motion through a gaseous body. 



Again, a man, M, floating upon the surface of the sea, hears two reports 
of a gun fired once at S : the first report reaches him through the water, 
the second comes to him through the air, thus illustrating the fact that 
liquids convey sounds with greater rapidity than gases, because of the 
greater elasticity of the former as compared with its density. 

Once more, it is to be remarked that fishes are supplied with auditory 
apparatus apparatus for distinguishing sounds), which gives us 
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reasou to suppose tliat they can hear, and therefore that sound is trans- 
mitted by water. If, then, sound be produced by motion, these two 
experiments show us that motion can he translated through a liquid hy its 
cnvn particles. 

And yet again, let the man A slightly scratch his end of the rod; 
then the noise made by this scratching may be quite inaudible to the man 
C, standing away from the rod, and yet be distinctly heard by the more 



Fig. 32, 

distant boy B, who has his oar placed close to the end of the rod, thus 
proving that a beam oi' rod of wood may convey {sounds i.e.) motion more 
perfectly than the air. 

Another experiment of the same kind is the following : — A person 
standing at one end of a long iron railing gets his friend to strike once the 
long iron rod at the top of the railing. The man who is listening hears 
two repoits of the blow, the first 
reaches him through the iron (which 
conducts sound hfteen times as fast 
as the air), the second through the 
air. Tliis experiment furnishes us 
with another illustration of the trans- 
lation of motion through a solid. 

We have now shown that motion 
is propagated by solids, by liquids, 
and by the air, which is a mixture 
of certain gases. Take, now, a glass 
vessel, F, and place in it some pieces 
of zinc, then pour water down the 
funnel, P, to cover the zinc, then 
add a small quantity of sulphuric 
acid by pouring it also through P, 

A gas called hydrogen will then be evolved from the contents of the 
vessel, r, and rising up through the glass tubing, G, will pass away by 
the indiarubbor tubing, R, into a suitable reservoir, where it may be 

0 
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meired till wanted. This hydrogen is the lightest of all gases, and 
as we shall hereafter show, although a sound produced in hydrogen is 
much feebler than one produced, under otherwise similar circumstances, 
in air, it is yet possible to distinguish a sound produced in hydrogen. 

is thus shown that, since sound is produced by motion, motion can 
he translated from place to place by the lightest of all gases. 

Now comes the question, “Is there anything lighter than the lightest 
gas?” The existence of such a substance has not been proved by an ex- 
periment, but it is on very good grounds suspected, or rather, assumed^ that 
pervading all space not actually occupied by heavy material particles (t.c., 
particles of matter), there is a certain fluid called ether, so extremely light 
as to be practically, though not actually, imponderable. It is supposed 
that this ether not only stretches far away beyond our atmosphere, filling 
up the vast spaces between the heavenly bodies, but that it also occupies 
all the otherwise vacant space between the particles composing the at- 
mosphere, those composing the waters of the ocean, and those composing 
all other bodies, solid, liquid, and gaseous. It is also supposed that the 
sensations of light and heat are produced in us by vibratory motions im- 
parted to this other by the sun and other bodies giving out light and heat, 
and conveyed by it to our nerves; if this be so, then are we justified in 
saying that motion can be transmitted by the extremely (thin, or) rare 
ether, and also in remarking that motion can be, and ever is, translated 
from place to place not only by every form of matter, i.c., by everything 
possessing weight, but also by the ether, which may almost be regarded as 
an imponderable substance ; in a word, there is nothing so light as to be 
Incapable of transmitting some kind of motion. 

11. Waves. A consideration of several of the examples we have already 
given of the translation of motion from place to place would lead us to 
suspect that most of, if not all, such translations are effected by to and 
fro, or up and down movements of the particles through wliich such 
motion is propagated. It is supposed that sound, light, and heat are all 
propagated by such movements, to which the term vibrations has been 
applied. This term requires a little explanation : 

(L ) A pendulum, as it oscillates backwards and forwards, is said to 
vibrate, and the movement of the pendulum in one direction is called in 
France an oscillation or vibration, while its motion both backwards and 
forwards constitutes a complete or double vibration, but in England and in 
Germany this diouhle or complete vibration is called a vibration, the motion 
of the vibrating body in one direction only being termed a semi-vibration. 
The time occupied by a pendulum in making a vibration is called the 
period of the vibration, and the distance (usually measured in degrees of 
an arc) through which the pendulum travels in passing from one extreme 
position to another, €,g., from P to P' (Fig. 34), is called in England the 
amplitude of the vibi'ation. 
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To avoid any confusion we will here ezplun .that in the following pages 
the motion of the pendulum, M, from P to P' and hack will be called a 
vibration^ the time occupied in this motion will be called the period of the 
vihratioUj and the distance from 
P to F will be called the amplU 
tude of the vibration. 

Let us now take our stand by a 
field of waving corn ; we shall 
see that the progress of each 
wave from one side of the field 
to the other can easily be ob- 
served, and that though the 
ripened ears of corn make only 
a small vibration to and fro^ 
the wave itself traverses the whole 
width of the field. The ears of 
corn in this case behave like 
inverted pendulums, and their 
action illustrates the proposition we wish to establish, viz., that 
there is a distinct dijference to be observed between the omoard motion 
of a wave itself^ and the vibratory motion of the particles which at any 
moment constitute the %vave. In Fig. 34 above, the suspended balls move 
forwards in one direction, and backwards in another., whereas the motion 
of the so-called wave itself (i.c,, the motion translated), is in one direc- 
tion only, viz,, from left to right. 

To obtain a clearer idea of this proposition, let us take up a position by 
the side of a liver, and watch the pieces of wood floating down with the 
stream to the sea. Here we have the waters of the river actually moving 
forward in a certain definite direction, thus providing us with an instance 
of the translation of matted' ; for of course we regard the water particles 
ns particles of matter. Here also we see that the translation of particles 
of one kind of matter may cause the translation with them of other 
particles of a different kind of matter, viz., solid particles of wood 
travelling upon liquid particles of water. Leaving the river’s side wo 
make our way now to the sea-side, and there occupy ourselves in watch- 
ing the great waves rolling in towards the land. At some little distance 
from the beach we may notice a quantity of sea- weed dancing up and 
down upon the surface of the water, and if we narrowly observe it, we 
shall find that though it is ever in motion, now rising high upon the 
crest of a wave, and now sinking down into the depths of its trough, it 
still remains at about the same distance from us, neither advancing 
towards us nor receding from us. If now there was in the sea at this 
point a continual translation of matter, as there was in the river beside 
whose water we lately stood, it would seem that the sea- weed should b© 
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carried along in a direction coinciding with that in which the water was 
moving ; seeing, then, that the sea- weed does not change its position, we 
conclude that the water upon which it floats does not suffer any trans- 
lation from one place to another, although it certainly is ever in motion, 
and although waves are most certainly continually traversing its surface. 

It may easily be shown that an vp and down motion of the particles 
of a body would cause the translation of a wave from one point to 
another, which amounts to showing that a wave may he canted to move 
from one point to another through that body^ by the vibratory motion of its 
particles, in a direction at right angles to that in which the wave proceeds. 


In the accomlianying diagram (Fig. 35), let the rectangles aA, 6B, cO, 
&c., reiDresent the sj^accs through which the particles in these rectangles 

abcdefghijklmnopqrstuvwQsyz 



Fig. 35. 


have power to move up and down, and let tlie circles numbered with a 
figure 1 represent the particles forming the surface of the wave whoso 
crest is at p, and the lowest parts of whose depressions are at G and Y. 
Then it is clear that the i^article at p is at the farthest limit of its excur- 
sion upivards, and that those at G and Y are at the farthest limit of 
their excursions do^mwards, and it is in harmony with this to suppose 
that the particles in the spaces A to F are all descending, those in the 
spaces H to O ascending, those from Q to X descending, while Z is also 
ascending. Under these circumstances the surface of the wave is repre- 
sented by the thick line drawn through the particles numbered 1. 

Let us now suppose that the particle at p begins to descend, and con- 
tinues to do so till it has gained the space 2 below it ; by this time the 
particle O has gained its highest position and now forms the crest of the 
wave, the whole surface of which is represented by the dotted shapes 
numbered 2. 
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Supposing now that the particle at P continues its downward course 
till it rests at 3, it is clear that the crest of the wave will then be at n, 
nnd that the circles numbered 3 will represent the surface of the wave at 
this moment. 

Without giving this as an exact explanation of the manner in which 

wave is actually propagated through a body, we may use it to show that 
ihci't are two distinct movements to he observed in wave motion^ viz., 1st, 
the onward motion of the wave itself (which is simply a translation of 
motion)^ and 2nd, the vibratory motion of the particles of the body through 
which the wave is propagated, this vibratory motion being really a trans- 
lation of matter {viz. ^ the individual particles of the body), alternately 
upwards and downwards through a limited space. It also serves to show 
that a wave may he propagated in a certain given direction by the move- 
ments of particles of matter oscillating in a direction at right angles to that 
in which the resultant wave travels. 

And further it assists us to a right conception of what a wave is, viz., 
that it is simply the propagation of a form or shape (and therefore does 
not imply a translation of matter in the direction in which it is itself 
propagated). 

Further, if we apply the above conception to a water-wave,* and then 
further conceive a chip of wood (or bit of sea-weed) so extremely small 
as to rest on one alone of the water particles represented in the figure* 
say j(j, then it is clear that such chip receiving its support solely from p 
must rise as p rises and sink as it sinks, and being (as we suppose) 
subject to no other influence than that exerted upon it by the water 
upon which it rests, cannot do otherwise than rise and fall with the 
water without suffering the least translation whatever, except such as is 
also experienced by p ; and since we have supposed that p simply oscil- 
lates up and down in its own rectangle, it follows that the only effect of 
the wave Ui)on the chip will be to cause it to dance up and down with 
the surface of the water upon which it rests. 

And, once more, it is clear that while the particle at G (f.e., at the 
lowest point in the trough of the wave) performs the journey to g and 
back, the whole wave will have travelled so far to the left as to bring in 
succession all the particles between Y and G to the lowest points of their 
respective excursions, thus causing the trough of the wave at Y to travel 
to G : this distance, viz., YG, is csiWed the wave-length y and may be defined 
as the distance travelled by the wave itself during a complete vibration of one 
of the particles of the body through lohich it travels. 

As above explained, i\ie period or time of vibration is the time occupied 
by a vibrating particle in performing a complete vibration. Now, as we 

♦ This idea of the manner in which a wave maybe propagated does not pretend 
to scientific accuracy, though it serves its purpose well enough with young 
students. 
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shall see later on, a sound-wave travels throng^h water at the rate of 
4708 feet per second ; if, then, we suppose that the bell which produces 
the sound makes 450 vibrations per second, it is clear that the first of 
451 sound-waves will have travelled 4708 feet from the bell before the 
last one starts, so that at any moment there will be in these 4708 feet of 
water no less than 450 sound-waves : or, in other words, these 4708 feet 
of water will be carved out into 450 condensations, and an equal number 
of rarefactions all existing in the water at the same moment, each con- 
densation with its accompanying rarefaction being the result of a single 
vibration of the sounding bell. 

In this case, therefore, the loave-lenrjth of these sound-waves will be 
found by dividing 4708 feet by 450, and will thus be about 10^ feet. 

If F = velocity of sound per second at a given temperature 
W = wave-length of a sounding body at that temperature ; and 
N — number of vibrations executed per second by the sounding body; 
then, it is evident that 
(1.) F= TFxi7 . 


( 2 .) 

( 3 -) ^ 


So that if any two of the three quantities, F, 

^ TF, iT, be given, it is always possible to find 
the third. 


If any confusion still exist in the mind concerning the difference be-, 
tween the motion of the wave and that of the particles through which 
it travels, let the student take a round ruler, and having placed it upon a 
table and covered it with a cloth, press the ruler forward between the 
table and the cloth. Then, although the cloth does not move forwards 
nor backwards, to the left nor to the right, but simply rises and falls as 
the ruler advances beneath it, yet there is a transference of a hump, or 
wave, from one side of the table to the other. The ruler here represents 
the power to which the wave motion is due, the rise and fall of the table- 
cloth illustrates the oscillation of the water particles in an upward and 
downward direction, and the passage of the hump across the table fitly 
represents the passage of a wave across water. ^ 

That there is a distinct difference between the motion of a wave itself 
and that of the particles through which it travels, may be further seen 
from the fact, that earthquake waves have been observed to travel across 
a country at a rate which was a thousand times faster than that at which 
the earth particles moved, thus showing that not only is there a distinc- 
tion to be made between the two motions, but also that they are often 
propagated at greatly different velocities. 

It is worthy of remark here that the translation of the motion (vi^, 


♦ This expadment conveys a more correct idea of the motion of the water 
particles than the last one did. 
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thft onward propagation cif the wave) ia vastly more rapid than that of 
the translation of the matter {yiz»y the vibratory motion of the particles). 
In -the same way the transmission of light and heat, which is supposed 
to be effected ^'y the vibratory motions of the practically imponder- 
able ether, is much more rapid than the rate of transmission of sound, 
which is in all probability due to the vibrations of the comparatively 
heavy particles of the atmosphere. These observed facts are in agree- 
ment with our every-day experience, which shows us that, other things 
being equal, those bodies move with the greatest velocity which have the 
least mass ; this principle carried out in its fulness would lead us to sup- 
pose that, since all kinds of wave motion are produced by translations of 
ponderable matter resulting in a translation of a perfectly imponderable 
FORM, the rate of progress of this latter is necessarily infinitely more 
rapid than that of the former, a result, however, which must be modified 
by the fact that the active causes of the two motions are not the same, for 
the translation of the wave is clearly the effect of an effect, inasmuch as 
it is produced by the oscillatory motions of the vibrating particles, which 
oscillatory motions are produced by some disturbing cause, and it could 
scarcely be supposed that the oscillatory motion so produced should re- 
present the entire effect of this disturbing cause, else the progress of the 
wave would be infinitely instead of measurably rapid. 

It has been already remarked that sound differs from light and heat in 
that it is transmitted from place to place by vibrations of the particles of 
the atmosphere and other ponderable bodies, while light and heat are 
propagated by vibrations of the ether which interpenetrates those 
particles ; it should here be added that whereas sound is the effect of 
vibrations performed to and fro along the line in which the wave travels, 
light and heat are transmitted by vibrations performed at right angles to 
the lines in which they travel. 

12. A Sonorous Wave. There can be no doubt that the cause of sound 
is in every case motion. The act of hearing thus becomes one of appre- 
ciating those vibratory motions of the air particles which are communi. 
cated to the auditory apparatus of the ear, and are by it transmitted to 
the brain, where, of course, the sensation of hearing is experienced. 

It now becomes necessary to examine more minutely the manner in 
which these sonorous waves are generated in, and propagated through, the 
atmosphere. 

If we carefully smooth down the surface of a feather bed, and then 
plunge our hand deeply into it at any point (of course, without breaking 
its covering), we shall see it rise up all round our arm. Or if we press 
down heavily upon one end of it, we shall see it rise up in a heap at a spot 
where we are exerting no direct pressure at alL If now the feathers of 
the bed were endued with an elastic force, by reason of which they re- 
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covered their positions immediately we withdrew the pressure which had 
caused the uprising, we might-— by continually restoring and then again 
continually removing this disturbing pressure — generate a kind of up 
and down vibratory motion among the feathers composing the bed. And 
this vibratory motion would ultimately be communicated to the whole 
of the bed. 

Again, let ABCD represent a small cistern partly filled with water, 
and let it be supposed that it is possible to increase or diminish at will 
the distance, BC. If this distance be diminished, then it will be found 

that the force with which 
D Ji A presses against the water 

I j*l 1 I"! (in its act of drawing nearer 

I I i 1 I i sufficient to so 

I } I H \ I compress the water that it 

\ 1 i rises to escape the pressure, 

^ i zzi ^ ' tzttt: . " j 1 thereby increasing the depth 

^ ' ' not the quantity) of 

■Q' -Q the water. If, however, the 
Fig. 35 , distance between AB and 

CB were increased the water 
would sink, thus becoming less deep. And if it could be so arranged 
that the distance, BC, was being alternately increased and diminished, 
then there would be a continual rise and fall of the surface of the water, 
corresponding respectively to an increase and a decrease of the force with 
which AB was pressing the water against CD. 

And if it could be further arranged that the rate at which AB ap- 
proached CD was always greatest when in the position AB, then the force 
by which the water was being urged against CD 
Xi would of course be greatest when AB was in 

\ f / that position on its journey towards CD ; and if 
\ / the velocity with which AB receded from CD 

\ / was always greatest when it was passing this 

\ / same position, then it is clear that the force 

\ / with which the water sank in the cistern would 

\ / always be greatest when AB crossed that spot 

L oil its journey towards A"B". 

secure it 

-- — firmly in a block of wood ; then pull it to tho 
" position, AB', and then release the end B'. It 
will at once begin, and will then continue to 
Fig. 37. oscillate backwards and forwards from the 

position AB' to AB", and the rate or velocity 
with which it moves will increase ss it leaves the position AB' until it is 
at AB, when its velocity will be at its maximum ; it will then decrease 
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until it reaches AB” when it will be nil. Immediately afterwards it will 
set out on its return journey, passing AB again at a maximum speed, and 
then diminishing in velocity till its motion becomes for a moment once 
more nil at AB'. 

If any proof that this is the case be required, the student haa but to 
perform the experiment, and he will see that while the rod is oscillating, 
the space between the two positions, AB' and AB", seems bounded at these 
two places by lines which are tolerably 
sharply defined, while at AB there seems 
scarcely anything visible (see fig. 38), 

The explanation of this is, that as the 
motion of the rod is for a moment nil at 
AB' and AB", there is time for the eye to 
observe it, but as its velocity increases to- 
wards AB the eye obtains a less and less 
distinct impression of it, and at AB perhaps 
does not actually observe it at all. 

Now a tuning-fork in the act of sounding 
vibrates just in the same way ; its greatest 
velocity always coincides with the moment 
it is passing the position AB. 

Now let us suppose that this tuning-fork 
is vibrating in an open room, and let us con- 
sider the effect of its motion upon the air surrounding it. As the prong, 
AB, moves forward from the position AB' towards AB", it forces the air 
before it, thus tending to crowd together the particles of air which lie 
before it, and it is clear that the more rapidly AB advances 
towards AB", the more dense will this crowding of particles 
at any moment be. Consequently, this crowding will be 
most dense when AB is crossing the position AB, because, 
as stated above, the velocity with which the prong moves 
is then at its maximum. But we know that air possesses 
elasticitPf in other words, it exhibits a disinclination to he 
crowded into a smaller space, or rather, it has a perpetual 
tendency to occupy any space open to it, however large ; 
consequently, the particles of air crowded together by the 
forward motion of AB exert in their struggle for room a 
force upon all things surrounding them. But this force, 
almost vainly exerted against AB, is effectual as exerted 
upon the air particles lying beyond those in the immediate 
neighbourhood of AB, for these more distant particles being 
less densely packed than the former, are not so active in their struggles 
for room (in other words, do not possess so great an elasticity), and conse- 
quently suffer themselves to be crowded together by the greater exertions 
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of tKeir neighbours. These crowded particles, in the same way, pass on 
the crowding to particles lying still further from AB, and thus a crowding 
or condensation of air particles is propagated as a pulse or wave through 
the air. 

But our prong, AB, having passed the position, AB, begins now to travel 
more slowly, and as a consequence, the condensation produced by its 
motion among the air particles becomes gradually less and less, until at 
last the prong, AB, having reached AB", Stops for a moment, and then of 
course there is no further condensation produced among the air particles, 
though the condensation already produced continues its course through 
the portions of the atmosphere lying more and more remote from AB. 

Increasing Condensation Decreasing Coudeusatlou, accompanying diagram 

will show the form of this 

condensation. 

But the prong, AB, scarcely 
attains the position, AB", be- 
fore it begins to return again 
to its former position, and it 
is evident that in this back- 
ward journey it must leave 
momentarily behind it a space 
* 1 .. unoccupied by air, though on 
every side (except that on 
^ g ^ which AB is) surrounded by 

o Fig. 40. space thus left 

unoccupied the surrounding air will, by reason of its elasticity, at once 
expand; thus, of course, being more rarified. It is also evident that since 
the rate at which AB moves continually increases as it proceeds from 
AB" to AB, this rarefaction of the air to the right of AB must continually 
increase till the point at which the velocity of the prong is greatest is 
reached, and that after that the rarefaction, like the velocity, will con- 
tinually decrease till the prong once more attains the position AB'. 

It thus becomes clear that one effect of the vibration of a tuning-fork 
is the transmission through the air of condensations and rarefactions 
regularly succeeding each other. It is also evident that the 'propagation 
of time condensations is the result of the elasticity of the air. 

It need scarcely be added that these condensations and rarefactions 
may be produced by any body vibrating in the air, and may be propagated 
by any medium possessing the requisite elasticity ; also, that according 
as the maximum speed of the vibrating body is greater or less compared 
with its minimum speed, so the difference between the greatest con- 
densation and the greatest rarefaction will also be greater or less, or, 
which comes to the same thing, according as the shock communicated to 
tlxe air is more or less ahrupty so the pulsations propagated through the 


Produced hy tho 
taotxon of AB from 
AB' to AB. 


Produced the 
motion of aB Irom 
AB to AB". 



VIBRATOEY MOTION. 43 

*ir will be more or less distinct, and consequently the sound produced by 
these pulsations will be more or less audible and distinct. 

\ So far we have been able to show that sound is the effect of waves 
(each consisting of a condensation and a rarefaction) generated by bodies 
vibrating in the air, and propagated through the air by reason of the 
elasticity of that medium ; also, that although these waves may be pro- 
duced by any body vibrating in any manner in the air, it is requisite that 
these vibrations shall be sufficiently rapid to communicate to the air a 
certain sharpness of shock, if the effect is to be a sound distinguishable by 
the ear. 

But although the vibration of a column of air (viz., that contained in 
the passage leading inwards to the drum of the ear) is the instrument 
chosen by nature for actually giving up the sound-waves to the auditory 
apparatus of the ear, it must not be for a moment supposed that such 
waves cannot be transmitted by any medium other than the air, for we 
have already shown that sound can and does travel through other gases, 
and also through liquids and solids. It has also been mentioned that the 
rate of its transmission through different media is not uniform. It now 
becomes necessary to deal with this matter a little more fully. 

We have shown, in jirevious pages, that gases admit of great compression, 
in other words, that they can be forced by pressure to occupy a space, or 
rolumCt which is continually less and less as the pressure exerted upon 
them is made continually greater and greater. Wo have also defined the 
elasticity of these gaseous bodies as that power hy which they resist com* 
pression when subject to it, and by virtue of xohich they tend to recover their 
original dimensions, and, in fact, do so recover those dimensions as soon 
as the compressing force is withdrawn. Now, experiments show most 
clearly that, although all gases are comparatively easily compressed, their 
elasticity being therefore in the^same degree small, all liquids present a 
very effective resistance to compression, being for that reason called the 
incompressible fluids; the elasticity of liquids is thus shown to be much 
greater than that of gases. 

Experiments also show that the compressibility of solids is much 
smaller, as a rule, than that of liquids ; it follows that the elasticity of 
solids is greater than that of liquids. 

Viewing matter, then, with regard to its elasticity alone, it becomes 
evident that the greater the elasticity of a liquid the more nearly it will 
resemble a solid, and the greater the elasticity of a gas the more it will, 
in this particular, resemble a solid, so that we may, for a moment, regard 
solids, liquids, and gases as being but three different manifestations (or 
appearances) of one matter, and called by these three different names 
simply to show that this matter possesses, under different circumstax^oes, 
different powers of resisting compression. 

Let us now take means to give a blow of a certain force to the end, 
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A, of the rod, AB, whose other end, B, touches the ball, C, suspended 
by a thread from D. Then the effect of the blow delivered at A will ho 
shown by the portion of the arc, CE, over which the ball, 0, will be 
compelled to travel ; and it may be added that the force applied to A 
by the blow will be delivered to C almost immediately and practically 
undiminished. 

Let us now remove that portion of the rod, AB, which is marked FG, 
and let us then fill the cistern with a fluid, say water. Then lot a blow, 
exactly equal in power to the first one, be delivered to A ; it will then 
be found that the motion communicated to C does not cause it to fly off 
so far, nor with such speed as in the former case, the reason being that 
the force has in this case to be propagated, in one part of its course, 
through a liquid which may for our present purpose bo regarded as a 
solid of inferior elasticity, or, in other words, a solid i3ossessing but an 
imperfect power of resisting compression, in consequence of which the 
shock communicated to it at F becomes for a moment partly occupied in 



forcing the contained liquid into a smaller space, and although this force 
so occupied does again manifest itself in a pressure exerted everywhere 
upon the inside of the cistern tending to burst the walls of the cistern, 
it occupies time in this effort, and thus makes the transmission of the 
force more sluggish than would be the case if the elasticity of the water 
were greater. 

If the water be now removed and the cistern he filled with air, the 
effect of a blow exactly similar to the former one delivered at A would 
be practically imperceptible, the reason, of course, being, the very slight 
elasticity of the air as compared with water and wood. Here, again, air 
may be regarded as a solid of infinitely small elasticity. 

Let us now suppose a tuning-fork in the act of sounding in air; its 
vibrations to and fro impart a number of successive blows to the air in its 
immediate neighbourhood. But we have seen above that a blow delivered 
to a solid is by it passed on almost immediately, and that, according as 
the state of solidity is more and more departed from, the power of so com- 
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munioating blows with sharpness becomes more and more feeble, con* 
sequently the blows of the tuning-fork travel but slowly through the air ; 
but they would travel much more quickly through a liquid, and more 
quickly still through a solid. 

Once again, it has been already stated that bodies may be changed from 
the state of solids to that of liquids by the application of heat, and that 
such liquids may be compelled to assume the state of gases if sufficient 
heat be applied. Experiments will be given further on to prove that, 
with few exceptions, a pound (or any given weight) of a solid requires 
more room when heat is applied to it than it did before such heat was 
applied, in a word, that the effect of the application of heat to any body 
— solid, liquid, or gaseous — is to generate in that body a desire, so to 
speak, an almost irresistible desire to occupy more room, e.g.^ a pound of 
water when changed to steam occupies about 1800 times as much room 
as it did in the form of water. Now, we cannot suppose that each tiny 
particle of water has, so to speak, swelled out itself to 1800 times its 
former size, for if so, there must bo a cavity or a great number of cavities 
somewhere in it. It is impossible to imagine that any portion of matter, 
however minute indeed, could occupy more than a definite amount of 
space ; its bounding surface may indeed be greatly enlarged, but that can 
only take place when there is an increased amount of space remaining 
unoccupied between its component particles. Seeing, then, that we are 
forbidden to suj^pose that the ultimate particles of this pound of water 
swell out themselves, we have nothing left us but to assume that they 
are driven farther and further apart as there is applied to them a greater 
and greater force of heat. But if they are so driven farther and farther 
apart, it at once becomes obvious that the body which they compose more 
and more departs from the idea of our rod, AB, in the last diagram; in 
other words, it becomes less and less a perfect solid, and more and more 
approximates to the idea of a chain of disconnected solids. 

Now, the more closely the particles of a body are packed together the 
greater we say is the J)ENSITY of that body ; it follows that under ordi- 
nary circumstances the density of a body decreases as its temperature in- 
creases. 

We will now in fancy take a strong vessel, completely fill it with water, 
hermetically close it, and then apply heat to it. Such an experiment 
would be a most dangerous one, for the following reasons. At the 
temperature at which the water was when put into the vessel it was con- 
tent to occupy just that space which was afforded by the inside of the 
vessel ; but as soon as heat is applied it is no longer satisfied with that 
amount of space, but each particle of water struggles fiercely to increase 
the distance between it and its neighbours ; but these neighbours, 
actuated by the same desire of repelling those around them, as fiercely 
resist the pressure put upon them by it. If wo fancy them endued, each 
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ftnd all) with hands and arms, then we at once conjure up to our minds 
all these watery particles engaged in a fierce struggle, in which each 
places his hands upon his neighbour’s shoulders and desperately endea- 
vours to repel him to a distance. They now form a firmly connected mass, 
an actually connected body of active individuals. These hands and arms 
do not, of course, belong to the watery particles under consideration, but 
they well represent the elasticity which is active between them. We 
can carry our fancy yet further, and imagine some kind of push to bo 
communicated to one of the contending atoms ; this push will be more 
or less promptly communicated by the atom which first received it to the 
next atom, according as the stiffness of his arms which are engaged in 
repelling that atom is more or less great, which being translated is this : 
—the waves of sound travel from atom to atom of a body loith a greater or 
less velocity y according os the elasticity acting between these atoms is greater 
or lesSf the density being tie same. 

It now becomes necessary to make a most important distinction. It 
may perhaps be at once assumed that, instead of supposing, as above, the 
arms of the watery particles to represent the elasticity of the air, we 
might imagine a number of new particles interposed between the original 
ones, so that no one of the original particles could move without moving 
some of these newly-interposed particles, and then it might be argued 
that, the more closely these new particles were packed together between 
the original ones, the more quickly and more completely a wave motion 
would be transmitted through the body ; in a word, zve might expect that 
by inci'easing the density of a body we should thereby increase the rate at 
which sound would travel through it. But this is not so, for we must 
remember that every body, however small, has a tendency when at rest 
to continue at rest, and to overcome this inertia, as it is called, the ex- 
penditure of a certain amount of force is required. Accordingly, then, 
as we increase the density of a body, or, in other words, according as we 

pack more particles into any 
oOOBo* given space, so the work to 

wwww¥Tr¥wi!Tr 

1(11 111 111! Jtl HI Bi IS! (S i n motion increases. We may 

(V If d/ e illustrate this way ; let these 

42 . boys in dark clothing, whose 

arms hang by their sides, re- 
present a row of particles of a body ; now, if a slight push be given / this 
will in no way effect a, because / will not be sufficiently disturbed to knock 
against e. This represents the state of a very inelastic body. 

Let now each boy place his arms loosely upon his neighbour’s shoulders, 
then a push of the same force as the former being communicated to /, 


will be by it languidly given up to c, and more languidly given up again 
to dy and so may be lost before it reaches a, having been dissipated in 
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orerooming the inertia of the bodiee of these boys. Thns, it is clear that 
the more we tighten the hold these boys have of one another (or the 
more rigidly each holds the one before him), the more quickly the push 
communicated to / will be passed on to a. Yet it will not reach a un- 
diminished in force, because some part of its energy must of necessity be 
absorbed in overcoming the inertia of the bodies a, 6, c, d, c, f. If now we 
could introduce the boys in lighter clothing without increasing the stiff- 
ness with which each held the one before him (t.e., if we could increase 
the density without increasing the elcLsticliy of a body), it is clear we should 
increase the obstructions to the progress of the wave of motion, which 
would thus occupy longer in travelling from / to a than it would have done 
before the introduction of these new boys, which goes to show that 
hy increasing the density of a hody^ ivitkout increasing its elasticity^ we 
diminish the rate at which sound waves pass through that body. Experi- 
ments go to show, that the velocity with which sound travels through a body 
is directly proportional to the square root of the elasticity of that body, and 
inversely proportional to the square root of its density. 

13. Influence of Temperature upon the velocity of a Sound Wave. 

— When the density of the air increases, the fact is notified by a rise in the 
level of the mercury in the barometer; an increase in the temperature of 
the air is similarly proclaimed by a rise in the level of the mercury in a 
thermometer. 

Now it has been found that the velocity with which sound travels 
through air is not affected by changes in the barometer reading, but that 
it is increased by a rise in the thermometer. Let us see why this is. 

An increase of density is always accompanied by an increase of elasticity, 
when the temperature remains unchanged, consequently an increase of 
density is not, as one might at first expect, accompanied by a decrease in 
the velocity of the sound wave.*- . But an increase of temperature is always 
accompanied by an increase in the elasticity of a body, and consequently, 
if the density of a body remaiu unaltered when heat is applied, there is 
at once an increase in the velocity with which tbe sound wave travels 
through that body, because the elasticity is increased, without a cor- 
responding increase in the density. 

Consequently, although the velocity of sound through air at a 
temperature of 0°C is about 1090 feet per second, it increases as the 
temperature lises, and diminishes as the temperature falls, and experi- 
ments go to show that the rate of this increase is about 2 feet for every 
degree centigrade, 

14. The Relation between the Amplitude of the Vibration and the 
Intensity of the Sound.— -In Fig. 43 let AO and AD represent the extreme 
positions of the vibrating pendulum, AB ; then the distance, CD, Is called 
the AMPLITUDE of the vibrations of this pendulum. 
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In the eame way B'B" of Fig. 44 represents the amplit'ode of the 
vibrating rod, AB. 

Now if the amplitude of the vibrations in either of these cases, say the 
latter, be doubled, let us see what will happen. 

(1.) It is clear that if d represent the amplitude of the original 
vibration, then 2 d will represent the amplitude of that vibration when 
doubled. 

(2.) We know that with any given pendulum, or vibrating rod, the 
time occupied hy it in performing a complete vibration is altogether inde- 
pendent of the width of its amplitude ; in other words, whether c? be gi eat 
or small the pendulum occupies the same time in moving from C to D 
while vibrating. It follows, then, that if 2 cf be traversed in the same 


A 




time as cf, the mean speed of the moving body must in the former case 
be double that in the latter. 

Now if a certain amount of energy be required to cause a body to 
travel over the distance, c?, it is evident that double that energy will be 
required to cause it to travel over the distance 2d; and again, if this 
double distance is to be got over in the same time as the original distance 
was completed, then the double force already shown to be necessary 
must be again doubled, so that we may say the energy required to cause 
a pendulum to vibrate with a certain amplitude is four times the energy 
which would be sufficient to make it perform vibrations of half that ampli- 
tude, In the same way, if the amplitude were increased to threefold, the 
requisite energy must be increased to mnefold; in other and more 
general terms, the energy of the vibrating body increases with the square of 
the amplitude. 

(3.) As the vibrating body moves forward or backward in its course 
there is evidently a corresponding change in the nature of the energy 
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causing its vibrations. At AO or at AD the force is clearly all potential^ 
or stored-up force, because in those positions the vibrating body come# 
momentarily to rest. At AB, however, it is eridently all kinetic ox active 
energy ,* and at positions intermediate to AB and AO, or AB and AD, the 
energy is partly kinetic and partly potential. 

In every position, however, the absolute amount of energy — whether 
potential or kinetic, or partly both, is the same ; let us see what is the 
result of this. 

To begin with, it is evident that the vibrations of the air particles 
must exactly resemble the vibrations of the tuning-fork (or other vibrat- 
ing body) which has set them in oscillation. But the movements of such 
a tuning-fork exactly resemble those of the pendulum above described ; 
consequently the movements of the air particles exactly correspond to 
those of a vibrating pendulum. We come, then, at last, to this, that the 
energy (potential or otherwise) of each air particle as it oscillates under 
the influence of a sound wave varies as the square of the amplitude of 
the vibrations of the sounding body ; in other words, if the amplitude of 
the vibrations of a sounding body be doubled, the energy thereby imparted 
to the particles of the air among which the body is vibrating is increased 
fourfold, if the amplitude be trebled, the energy generated is thereby 
rendered ninefold, &c. &c. 

It follows, then, that the effect produced upon a person’s ear by the 
impinging upon it of a sound wave varies directly as the square of the 
amplitude of the vibration of the surrounding body. 

But the greater the force with which the drum of the ear is agitated 
the louder is the sound, therefore we say thp-t the intensity of the sound 
increases with the square of the amplitude of the sounding body. 

This will be a convenient place for remarking that no confusion must 
be allowed to linger in the mind concerning the meaning of the terms 
VELOCITY, INTENSITY, and AMPCiTUDE. As already explained, the velocity 
of a sound wave is the speed with which sound waves travel from point to 
point of space, and depends upon the density and elasticity of the pro- 
pagating medium, but is independent* of the rate of vibration of the 
generating body. The Intensity of a sound is its loudness, and, unlike 
the velocity, depends entirely upon the amplitude of the vibrations of the 
sounding body, which amplitude may be taken to mean the distance 
travelled over by a vibrating body in its passages from one of its extreme 
positions to another. 

15. The Law of Inverse Squares. 

(1.) In its Application to Sound . — We have already shown that the 

♦ Not Qurrs independent, for there is reason to suppose that loud sounds travel 
quicker than softer ones. ^ 
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intensity of a sound varies as the square of the amplitude of the vibiai* 
tions which give rise to it, and that this fact results from this other 
fact, that the energy of an air particle executing simple vibrations in 
obedience to forces of elasticity^ varies as the square of the amplitude of 
its excursions. 

Now let the line AB be divided into four equal parts by the points 
D, C, E, and let the circle D represent the surface of a sphere, having AD 
as its radius, while the circles O and E similarly represent the surfaces 
of spheres having AC and AE respectively as radii. Then we know by 
geometry that the surfaces of these several spheres are to one another as the 
squares of their radii; thus we have the surface of the sphere D, onc- 
fourth of that of the sphere 0, one-ninth of that of the sphere E, and one- 
sixteenth of that of the sphere B. 

I<et us now suppose that the lines AD, AC, AE, and AB, represent the 

distance travelled by a 
sound wave, starting 
from A in owe, Uuo^ three, 
y , \ and /our seconds respec- 

/ \ tively. Then at the end 

/ / \ \ of one second we shall 

have the disturbing 
force, which initiated 
the sound by vibrations 
at A, expending itself 
in causing all the air 
particles lying in the 
surface of the sphere 
D to oscillate ; at the 
end of another second 
we find this same dis- 
turbing force occupying 
itself in setting up oscil- 
lations among the air 
particles of the sphere C. But the number of particles here is four times 
greater than those in the surface of the sphere D ; consequently, the 
initial energy at this point, C, being distributed over four times as many 
particles as at D, the effect upon each individual particle at C is one- 
touith only of that at D, so that the energy of a particle vibrating at 
any given distance from the disturbing body is four times greater them at 
double that distance. 

In the same way it is shown that the energy of a particle vibrating in 
the surface of the sphere E is one-ninth, and in the surface of B onc- 
sixteenth of that of a similar particle vibrating at D j in general terms, ths 
energy of any of these particles executing simple vibrations in obedience to 
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forces of elasticity varies inversely cls the square of their distance from the 
disturbing body. 

But it has been already shown that the intensity of a sound varies 
directly as the energy with which the tympanic membrane of the ear is 
struck ; it follows, then, that the intensity of a sound proceeding from a 
uniformly sounding body varies inversely as the square of the distance 
from that body. 

This proposition, derived from theoretical considerations, is abun- 
dantly confirmed by experiments. 

It will now occur to the reader to ask what becomes of a sound at last ? 
Does it go on gradually diminishing in loudness for ever and ever, or, at 
least, till it reaches the outmost limits of our atmosphere, or does it 
become somehow dissipated in its passage from layer to layer of the 
surrounding atmosphere? The truth is, it does suffer dissipation; for 
it is by friction that each layer of air is enabled to set in vibration those 
other layers lying beyond it ; but friction always generates heat, and thus 
we get the sonorous energy dissipated by its gradual conversion into heat. 
Asa fact, then, the intensity of sound diminishes somewhat more rapidly 
than is indicated by the above law of squares, and its final extinction is 
the result of the conversion of the whole of its energy into heat. 

(2.) In its Application to Light. — The light proceeding from any 
luminous body, say a candle, may at any moment be regarded as a certain 
definite force whose action is momentarily spreading itself over larger and 
larger areas, just as we have shown the sphere of action of the sound- 
producing force to spread. But the sensation of light, like that of sound, 
is due to the effect which this motion produces on our nerves ; the con- 
sequence is, that if the effect of the light-producing force diminishes, 
our sensation of must also diminish, and that in the same 

proportion. 

But this light-producing ‘rorce evidently diminishes according to that 
law of inverse squares which governs the rate of diminution of the sound- 
producing force ; consequently, light, like sound, varies inversely as the 
square of the distance from the body which produces it. 

According to this law, then, it is clear that one candle at a distance of 
one foot has the same illuminating power as four candles two feet dis- 
tant, nine candles at three feet distance, &c. &c. To prove this, take a 
piece of white paper, and make a faint grease spot on it with a little 
stearine, then stretch the paper on the frame of a slate and place it in an 
upright position on a table ; at a certain distance on one side of the frame 
place a lighted candle, and on the other side, at twice the distance from 
the frame, place four similar lighted candles ; the grease spot is then 
invisible because it is equally illumined on both sides. This apparatus 
is sometimes called Bansen^s Photometer. 

Photometers are instruments used to measure the iHuminating powers^ 
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of Bach artlEcial lights as candles, lamps, gas burners, &c. The experi- 
ment called the Shadow Test* also serves the same purpose. 

In the accompanying 6gure the shadows cast by the rod, R, are caught 
on a white screen — the frame and paper described under Bunsen's photo- 
meter will do — the shadow, C, is evidently more heavy than D, conse- 
quently the lamp, A, which casts the shadow, C, must be removed farther 
from the screen till both shadows become of equal heaviness. If it 
should then be found on measurement that they stood three feet from the 



screen, while the weaker stood but two feet from it, we should calcu- 
late the relative illuminating powers of these lights according to the 
rule of inverse squares, thus— 

T he power of th e lamp tbe square of the distan ce o f the candle 

The power of the Candle the square of the distance of the lamp 

3 feet X 3 feet. 

~~2 f^et X 2 feet. 

_ 9 square feet. 

~~4 square feet. 

^9 

4 

Therefore, the illuminating power of the lamp = times that of the 
candle. 

i\r . J5.— The Intensity of radiant heat, also, has been shown to vary in- 
versely as the square of the distance from the heat-giving body. 

* The Instrument used for this purpose is often called “ Rumford'a Photomete>\ ' 
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16. Experimental Determination of Velocity of Sound and of Li^ht. 

(1.) The Velocity of Sound through air is easily determined as follows ; 
One person standing at B fires off a gun : 

the report and the flash both start at the ^ 

same moment towards another person 

standing at A. Now, the velocity of light is so great that in this case we 
may neglect altogether the time occupied by the flash in proceeding from 
B to A, and may therefore regard it as observed at A instantaneously 
with its production at B. But the sound travels much slower, and con- 
sequently arrives at A some seconds after the person there observes the 
flash ; if the report arrived at A jive seconds after the flash, then it would 
be concluded that the sound occupied those jive seconds in passing from 
B to A, and if the distance BA be 5500 feet, the velocity of the sound in 


this case would be [ feet, i.e.] 1100 feet per second. 


Actual experiments show that the velocity of sound in air at the freez- 
ing temperature 1090 feet per second, and that this velocity increases 
with the temperature (§ 13) at the rate of 2 feet for every degree 
centigrade. 

Distances can be calculated by means of the known velocity of sound : 
e,g.^ suppose it is observed on a frosty morning that the number of 
seconds which elapse between the discharge of a distant cannon and the 
arrival of the sound is 3.^ ; we calculate that the cannon is, therefore, 
(1090 ft. X 3^ — ) 3815 feet distant. 

The distance of a thundercloud may also be similarly calculated, for, 
as the report of the thunder and the flash of the lightning both start 
from the cloud at the same moment, the distance of the cloud will be 
found by multiplying the velocity of the sound by the number of seconds 
which elapse between the arrival of the lightning-flash and that of the 
thunderclap which follows it. 

But sound travels also through liquids and solids as well as through 
air and other gases, and the general expression for finding its velocity is 
/E 


when V = the velocity of the sound (or other) wave, 

E = the elasticity of the medium through which it travels in any 
particular case, 

D = the density of that medium. 

Now it is found by experiment that the value of V when sound travels 
through water is four times its value when sound travels through air ; in 
other words, sound travels four times quicker through water than through 
air. Therefore if 

V — the velocity of sound in air, 

4V = its velocity through water. 
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Before proceeding further it will perhaps be useful for young students 
E 

if we explain that the fraction represents E -f- D, or, the number of 
times E contains />, or, the relation existing between E and D as regards 
magnitude. 

Now, since 

^ ^ /the elMticity of air 
V the density of air, 

__ fbe elasticity of air 

the density of air 

• 16 V2 = tJie^elasti^y of^r 

■ ■ the density of air. ' ' 


And, again, since 


/ the elastio^y of watiy 
V the density of water 


V 2 _ _the elasticUy of water 

^ the density of water ' 

Therefore, combining (a) and (b) we find that 

the elasticity of air elasticity of water 

the density of air the density of water. 

In other words, 

The relation between the elasticity and the density of air** is one- 
sixteenth of “ the relation between he elasticity and density of 
water.** 

The manner in which the velocity of sound through water has been deter- 
mined experimentally is as follows : — 

Two boats were moored at a known distance on the lake of Geneva, 
from one of which a bell was suspended in the water. The liammer with 
which this bell was struck was so contrived that at the moment of strik- 
ing the bell it ignited a quantity of gunpowder, the flash from which could 
be observed by the person in the other boat. This person held to his ear 
the mouth of an ear-trumpet (§ 57) whose bell was immersed in the 
water ; he could thus both listen for the sound which was travelling 
through the water and at the same time watch for the explosion of the 
gunpowder; in this way he could measure the time required for the 
passage of the sound from the one boat to the other through the water. 
In this way the velocity was estimated to be 4708 feet per second. 

Of course, different liquids convey sound with different velocities, but 

the velocity is always in accordance with the formula V 

The velocity of the transmission of sound through solids also conforms to 

E 

the same law ; but, as the value of the expression ^ is nearly always 
greater for a solid than for a liquid or a gasi it follows that the velocity 



VIBRATORY MOTION. 55 

with which sound travels through solids is greater in almost every case 
than that with which it travels through liquids and gases. 

Experimental proofs of this are the following : — 

(1.) The experiment shown in Fig. 31. 

(2. ) It has been found that when a bell was struck once at one end 
of a long iron tube two sounds were heard from the bell, one of 
which was conveyed by the solid substance of the tube, — this 
one arrived first,— and the other of which was conveyed by the 
air contained in the tube. If the tube had been a very long one, 
and had been partly filled with water, it would have been possible 
to hear three sounds proceeding from the bell in this case, the 
first to arrive being that brought by the iron of the tube, the 
second, that brought by the water, and the third, that trans- 
mitted by the air. 

(3.) A person standing near a rock which is being blasted, may in a 
similar way often hear two reports from one explosion. 

(2.) The Velocity of Light was determined ns follows : — 

In the accompanying 
figure let J represent 
the planet Jupiter, and 
E the earth, both mov- 
ing in their orbits in the 
direction indicated by 
the arrows. 

The planet Jupiter 
has four satellites, of 
which one is nearer the 
planet than the others, 
and it is observed that 
this one is continually 
undergoing eclipse, the 
period which elapses 
between any two suo- 
eessive eclij^ses being 
^bout 42 hrs. 28' 35". 

Exact observation, how- 
ever, shows that the period which elapses between successive eclipses 
varies with the position of the earth with regard to Jupiter, being shorter 
by 16' 26” when the earth and J upiter are closest together, as at E and J, 
than when they are farthest apart, as at and Ji. But the difference 
between the distances E, J, and E^, Ji, is evidently equal to the diameter 
of the earth’s orbit (ie., of the circle EE^), it has therefore been sup* 
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poted that the 16' 26" is the exact time occupied by the light reflected 
from Jupiter in passing across the earth’s orbit, i.c., from a to E^, t.c., 
a distance of about 183,000,000 miles. 

But if light travel 183,000,000 miles in 16' 26", i.c., in 986 seconds, its 
183,000,000 

velocity per second = — miles — about 185,500 miles. 

17. The Physical dllTerenoe between Music and Noise. 

That part of our organ of hearing which exists as a kind of appendage to 
the head, and which is usually called the ear^ is in reality not the ear, nor 
indeed an essential portion of that organ. Its office is simply to collect 
the waves of sound which fall upon it, and then to pass them into the 
passage which leads into the interior of the head ; at the end of this pas- 
sage is a cavity called the tympanum, the entrance to which is stopped 
by a thin kind of membrane called the tympanic membrane. The vibra- 
tions which the particles of the atmosphere are executing in obedience to 
impulses received from a sounding body, are received upon this membrane, 
and by it transmitted towards the brain, and there they excite the sensa- 
tion we call Sound. 

Now any body vibrating in air, must necessarily tend to impress its 
vibrations upon the particles of the air surrounding it ; if the vibrations of 
this body have a great amplitude, so will the vibrations imparted to the 
tympanic membrane likewise have a great amplitude ; if the vibrations of 
the body be rapid, so will those impressed upon the tympanic membrane 
likewise be rapid ; if the former be less frequent, so will also the latter be. 
It thus comes about that the vibratory motions of a sounding body ex- 
actly represent the state into which the tympanic membrane is thrown 
when the vibrations of the sounding body reach it ; e.gr., if the sounding 
body be violently and irregularly agitated, violent and irregular will be 
the vibrations into which the tympanic membrane is thrown, and 
violent and irregular will therefore be the impressions produced upon 
the brain. Under these circumstances there will he a want of s^noothTiesa 
a/nd evenness and regularity in the sensation experienced by the hraiUj in 
other words, a noise will be observed by the brain, and not a musical 
SOUND. 

When the brain is thus agitated by the reception of numerous and 
conflicting impulses, it becomes in a manner bewildered and unable clearly 
to distinguish any one of the numerous impressions which crowd them- 
•alves upon it. In this confused state it is conscious of a noise, and not 
of a musical sound. 

Again, the shock received may be, roughly speaking, instantaneous, 
and may be dissipated before the ear has time to estimate it ; in this case, 
also, the effect produced is a noise, an^ not a musical sound. 
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The chief, and in fact, “ the only condition necmary to the production of 
a mueical sound is, that the pulm should Sfucceed each other in the same 
interval of time. ” — {Tyndall. ) 

If there he no succession of shocks, as when we hear the report of a 
cannon, or, if there be an irregularity in the rate at which these shocks 
succeed each other, as when we hear the wheel of a cart grinding against 
the paving, then a noise and not a sound, is the effect. 

But it will at once be asked, How is it, then, that every body in a state of 
uniform vibratiori does not produce a sound?* How is it that the continual 
ticking of a clock, or a watch, does not produce a musical note ? and why 
is not music produced by the regularly recurring clickings of machinery? 
The answer is, that in order to produce upon the brain the sensation 
called a musical note, there must not only be a regular, but a very fre- 
quently recurring succession of the same impulses communicated to the 
brain. All people are not alike with respect to the number of vibrations 
requisite to produce in them the sensation of sound ; the rapidity of the 
vibrations may be either too great or too small to be appreciated by the 
ear of any particular individual, though it may be clearly appreciable by 
other differently constituted ears. 

18. Different methods of producing Musical Sounds. —Any body 
which is capable of being thrown into periodic vibrations, is capable of 
producing in us the sensation of sound. As a rule, this effect is produced 
upon us by the vibrations of the air surrounding us, so that we may say 
that any means by the use of which the particles of the atmosphere may 
be thrown into vibratory motion, become a means whereby sound may 
be produced. 

Thus, for example, a tuning-fork, by its rapid and periodic oscillations, 
impresses upon the atmosphere surrounding it a system of oscillations in 
frequency and amplitude precisely similar to those executed by itself. 
These oscillatory movements being communicated to the brain result in 
the production of a musical sound. 

Another method of producing sounds is by causing a number of tap- 
pings, or of puffs, to succeed each other with great rapidity. A musical 
sound has been produced by drawing a knife blade across the serrated 
edge of a coin j in this case the sound was the result of the blending 
together of the successive taps produced by the contact of the blade 
with the little irregularities forming the serrations upon the edge of the 
coin. 

Sounds are, however, more easily produced by holding a piece of rather 
stiff cardboard against the edge of a revolving toothed wheel. 

There is a curious and instructive method of producing sound, however, 
which is worthy of special mentiou. It is this : Take two small pieces of 
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lead, and fix them firmly in a vice in the manner shown in the accom- 
pan3ring figure. (See Fig. 48. ) Then take a common fire-shovel, heat it, 
and then having balanced it upon the two pieces of lead, give it a tilt on 
one side, thus setticg it in motion like a see^saw. 




Fig. 48. 


It will be found that a sound is produced by the shovel, which sound 
is thus accounted for. As soon as the shovel, which is hot, touches 
one of the pieces of lead, that piece of lead expands and swells upwards 
by reason of the heat received from the shovel ; the shovel 
is consequently tilted up on that side, and therefore at 
once falls upon the other side, and endeavours to rest 
itself upon the other piece of lead. But this piece of 
lead behaves in its turn just as the other did, and im- 
mediately repels the shovel, which thus, by its motions 
backwards and forwards, throws the surrounding air 
into the series of waves necessary to the production of 
sound. 

As mentioned above, sound is also produced by PUPPS. 
If we fancy a stream of air forced up through the pipe, P, 
in the direction of the arrow, then it is clear that if means 
were taken to open and shut the stop-cock, 0, a great 
number of times per second, the effect must be a rapid 
succession of puffs produced at R, and the ultimate effect 
would be the production of a sound of a pitch higher or 
lower according as the puffs succeeded each other with 
more or less rapidity. 

In producing sounds by thb means, it is obvious that a great 
difficulty would be found in opening and shutting the stop-cock with a 
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rapidity sufficient to produce a sound. This might be partly overcome 
by making L of the stop-cock circular, and attaching a band to it, and 
then causing it to revolve by connect- 
ing it with a whirling table (Fig. 60). 

A much better arrangement, how- 
ever, is the following : 

Let the pipe, P (Fig. 61), be brought 
to a small aperture, and caused to emit 
a continuous stream of air, and let the 
point F be placed over one of a series 
of perforations in the disc, CD, and 
let this disc be caused to revolve by 
connecting it with a whirling table. 

Then as the disc revolves the whole 
circle of perforations near its circum- 
ference come one by one beneath F, 
and consequently a whole series of 
puffs is produced, and these puffs fol- 
low each other more or less rapidly, according as the rate at which the 
disc revolves is greater or less. The consequence is, a sound of higher' or 
lower pitch according as the rate 
of the rotation of the disc is greater 
or less; thus again confirming our 
previous remark that the pitch of 
a sound depends upon the number 
of (vibrations or) successive im- 
pulses received in a given time. 

In the diagram, Fig. 52, it will be seen that there are eight tubes, 
a, 6, c, d, e, f, g, h, each exactly. fitting over an aperture of the disc, CD ; 
if the disc be now made to revolve there will be puffs issuing at the same 
moment from eight apertures, instead of one, as before. 


X> 

Fig. 62. 

But if the disc be now revolving at the same rate as before, it will bo 
found that the sound produced will be the same in pitch in both cases, 
but the intensity in the latter case will be vastly greater than in the former. 
Her© we have a confirmation of our previous remark that the intensity of 




Fig. 51, 
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a sound depends not upon the number of vibrations per second which 
produce it, but upon the amount of energy (measured by the amplitude) 
expended upon the production of those vibrations. In the above example, 
the force being eight times more great the intensity of the sound is in- 
creased in proportion. 

We have now shown that sound may be produced hy periodic movementa 
of a material hody^ as a tuning-fork vibrating in air; by a continued suc- 
cession of oft-repeated tappings, as in Savart’s Apparatus (see next para- 
graph) ; and by a succession of puffs ; it now becomes necessary to show 
with more minuteness in what manner the pitch of sounds depends upon 
the rapidity of the vibrations which produce them. 

19. The Relation between the Pitch of a Sound, and the Rapidity 
of tho VibrationB producing it. — Savart*s Apparatus seems to show this 



Fig. 68 


relationship. As the wheel W revolves it causes the toothed-wheel, S, to 
revolve also with great rapidity, and this causes a very rapid succession 
of taps to be given to the piece of cardboard, C, placed in contact with the 
teeth of S. 

By gradually quickening the speed with which W revolves, we gradually 
increase the number of taps per second received by the cardboard, till 
these become at last too rapid to be distinguished by the ear as separate 
taps, but blend together as a distinct musical note, and this note, at first 
low, gradually increases in pitch till at last (if the rapidity of the revolving 
wheel still continue to increase) it may even become inaudible once more, 
because of its having passed the highest limit of hearing of which the ear 
of the person present is capable. 

If we require to find by this instrument the number of vibrations 
necessary to produce any given note, we must cause this particular note to 
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be Bonnded, and then cause the wheel "W to revolve with a velocity which 
gradually increases until the apparatus produces the same note as the 
one whose requisite number of vibrations we want to know. By means of 
clockwork attached to Savart^s Apparatus (B, Fig. 63) it is possible to find 
how many times per second the wheel S is revolving at any moment, and 
by multiplying this number by the number of teeth in S, we find how many 
taps are given per second to C in order to produce any given note, and 
as each tup produces a vibration of the air surrounding C, it follows that 
we find by this means the number of vibrations of the air per second 
necessary to prod\ice the given note. 

This apparatus clearly shows us that the pitch of a musical sound rises 
as the rapidity of the vibrations producing it increases. We may here 
remind the student, that it has been already shown that the intensity of a 
musical sound increases as the amplitude of the vibrations producing it 
increases. The pitch of a musical sound is therefore something very dis- 
tinct from its intensity. 
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CHAPTER III. 

RECTILINEAR MOTION, AND ITS MODIFICATIONS IN THE PHENO- 
MENA OF SOUND, LIGHT, AND HEAT. 

20. Rectilinear Motion. — A ball, or any other material body, when 
get in motion in any direction, will continue to move in that direction 
until it is either wholly or partially prevented from so doing by the 
action upon it of some new and opposing force. This, which is true of 
matter in every condition, is also true of force ; an aerial wave, a water 
wave, and a wave passing through a solid, whether they be waves of 
sound, of light, or of heat, will one and all continue to propagate them- 
selves from their centres of disturbance in straight lines until some 
obstacle presents itself. Neither does the analogy between the trans- 
ference of matter and the propagation of motion, or force, end here, for 
just as a ball rebounds from a wall against which it has been hurled, so 
does the motion which constitutes a wave rebound when it is opposed by 
a proper obstacle ; the laws which govern the recoil in the case of matter 
govern also the reflection (f.c., the throwing back) in the case of motion. 

These laws we must now prepare to state : — 

When a wave passing through a medium of a certain density comes in 
contact with a new medium of a different density, one of two things 
happens to it ; it may either pass into and be propagated through the 
new medium, or, it may be totally cast back again into its former 
medium. Whether the first or the second of these phenomena takes 
place depends upon the difference in the density of the two media, and 
also upon the angle with which the wave passing through the first 
medium impinges upon the second. 

We may illustrate the phenomena thus : if a boy take a stone and drop 
it perpendjcularly, or nearly perpendicularly, upon the surface of a pond, 
the stone will certainly sink in the water, but if, instead of dropping it 
perpendicularly, the boy threw it in a more nearly horizontal direction 
against the surface of the water, it is well known that the stone would 
rebound into the atmosphere again ; in common language, it would 
simply “skim the surface ” of the water ; this is well known to boys as 
an amusement called making “ Ducks and Drakes.” 

Waves'of sound, of light, and of heat, are all liable to this rebounding,^ 
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or reflection^ as it is called ; they all also are liable to undergo changes of 
direction when they enter a new medium, such change of direction being 
called refraction* We will first consider the phenomena of reflection. 

21. Reflection. --Let AB represent any reflecting surface, and let n 
wave starting from O strike A B at right angles to its surface ; then this 
wave would return again to O by the 
same course with which it proceeded 
from O. This line, O P, is called the 
normal to A B. 

Let now a wave leave M and strike 
A B at P, as represented in the figure ; 
the wave, in this case, would, after 
reflection, take the direction P N, 
according to the rule that the angle 
Af P O, called “tAc angle of incU 
dence," is always equal to the angle 
N P 0^ called ** the angle of reflec- 
tion." 

If the positions be now reversed, 
so that the wave should start from N 
in the direction N P, then it would, 
after reflection, take the course P M, and the angle N P O would then bo 
the angle of incidence, and M P O the angle of reflection. 

There is one other rule of reflection, viz., that the angle of incidence 
and the angle of reflection are always in the same plane. 

Let us now apply these rules to the consideration of 

(1.) The Reflection of Sound Waves by Plane Mirrors. —Echoes are due 
to the reflection of sound from some large unyielding body, such as a rock, 
the edge of a forest, or a large building ; clouds also frequently reflect 
sound ; the rolling of thunder may be explained as the effect of a series 
of reflections of the sound caused by an electric discharge between two 
clouds. The lightning itself is the flash which accompanies the discharge 
of electricity ; the first sound of the thunder is the effect of the atmo- 
spheric disturbance caused by that discharge, and the succeeding thunder- 
rolls are caused by the reflection of this first sound from the many clouds 
in its neighbourhood. 

It is usually assumed that a person can utter /w distinct syllables per 
second, so that unless a reflecting body be so far distant from a speaker 
that a sound occupies at least a fifth of a second in travelling thereto 
and back, it is clear that the first syllable uttered by the speaker will 
return before the second starts, or, more exactly, the first part of the 
first syllable will return and mingle with its latter part. In this case the 
echo will not be observable. 
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Now, iakiBg the velocity of sound at 1100 feet per second, it is clear 
that if a person, A, be 110 feet from a wall, B, the sound proceeding from 
A will occupy just one-fifth of a second in proceeding to B and back ; 
consequently there will be just time for the echo of one syllable ; also, 
that if the distance A B be doubled, t.c., if A B and back be 440 feet, 
there will be time for the echo of two syllables ; in other words, if a 
person shout a word of two syllables he will hear them both repeated 
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after him, but if he shout a word of three syllables he will only hear the 
last two of them. But if A B and back be 660 feet, ie., three times what 
it was in the first instance, then the whole of a word of these syllables 
would be heard, &c., &c. 

Again, if a person stand in the mouth of a large drain and shout down 
it, the sound may be clearly heard at a great distance in the drain. In 
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this case the sound undergoes reflection from side to side of the pipe, 
and being thus prevented from extending itself through the atmosphere 
(see § 16, Fig. 45) it suffers little diminution of intensity, though propa- 
gated to great distances through such a pipe. (See Fig. 66.) 

On the same principle are constructed the tubes by which verbal 
messages are conveyed from one part of large public buildings to another. 
These tubes are fitted at each end with a removable plug which acts as 
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a wliistle. When a person in one compartment of a building fitted with 
these tubes wishes to convey a message to a person in another compart- 
ment, he removes the plug from the tube which communicates with that 
particular compartment, and blows through it. This causes the whistle 
at the other end to sound, the person in the room hears it, comes to the 
tube and receives the message which the other person now speaks through 
the tube, and this being done both 
whistles are replaced till the in- 
strument is again resorted to. 

The Ear -Trumpet also is con- 
structed on the same ]uinciple. 

Though many different forms of 
it are made, each of them some- 
what resembles a funnel, the wider 
part being constructed to collect 
the sound waves, which are then 
by reflection gathered together and 
poured through the narrower part 
into the ear of the person using tho 
instrument. 

When a person holds his hand to 
his ear to enable him to catch a sound the better, be is simply using his 
hand as a funnel for collecting sound waves. 



Fig 67 —Ear-Trumpot, as used to dctcr- 
mino the velocity of sound in water. 


The Speaking-Trumpet is used for enabling a person to make his 
voice heard at a groat distance. The mouth of the speaker is ajiplied at 
A (Fig. 68), and the sound wave having been reflected from side to side of 


B 



Fig, 58. — Speaking-Trampet. 


the tube A B, issues at B in such a form as leads to its being propelled a 
greater distance, without loss of intensity, than would be the case if the 
person spoke without the trumpet. 

When a person holds his hands to his mouth to enable him to make 
his voice heard at a greater distance, he really uses them as au imperfect 
sort of speaking-trumpet. 

A further lUuetratlon of the Reflection of Sound is the following 

E 
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Take a watoli which ticks pretty loudly, and holding it about three 
inches from your ear listen to its ticking for a few moments till the loud- 
ness of the ticks is well apprecinted by your ear. Then, keeping your 
head and the watch in the same positions, take a large piece of oard-board 

in your other hand and gradually 
bring it up behind the watch, so 
that the watch is between your 
ear and the card-board; the 
tickings will gradually become 
louder as the cardboard nears 
the watch, an effect evidently 
due to the reflection of sound 
waves by the cardboard, in con- 
sequence of which the ear re- 
ceives not only the waves of 
sound which proceed directly 
from the watch, but also others 
which, started in other directions, but meeting with the cardboard, axe by 
it reflected back into the ear. (See Fig. 59 ) 

(2 ) Beflectlon of Light Waves by Plane Mirrors.— It has been already 
mentioned that hght travels always xn a straight line until its course is 
changed by the interposition of some obstacle. An interesting experi- 
mental proof of this is the following : — 

In the accompanying figure the light from the smaller gas-jet, A, is 
caught upon a screen at A^ after passing through a hole in the card-board 




Fig. <J0. 

at M ; the light also from the larger gas-jet, B C, is similaily caught upon 
the screen at C^. An inspection of the figure shows that the jet A, 
which is on the left hand in the chandelier, is on the right hand on 
the screen, and that the position of the jet B C is also therefore 



RECTILINEAR MOTION. 


e7 


inverted from right to left. Furthcrr, it is also clear that the images 
of the jets A and B 0 are ** upside down,” as it were, on the screen 
for a similar reason. 

When a sunbeam breaks through an aperture into a darkened room its 
course is seen to be perfectly straight. To observe this well the atmo- 
sphere of the room should be rather dusty, for light is not itself visible^ 
and therefore the course of a ray of light through the atmosphere can 
only be traced by its illuminating effect upon the dust and other particles 
in its path. 

Shadows are due to the tendency of light waves to travel always in a 
straight line^ for when a wave of light comes into contact with an opaque 
body {i.e.i a body through which it c.annot make its way) it cannot bend 
its course round into the space immediately beyond that body,* and the 
space thus deprived of light is called a shadow. 

The extent and the shape of a shadow depends upon whether the light 
proceeds from a single luminous point or from a luminous body of known 
dimensions. 

Fig. 01 shows the kind of shadow cast by the sphere C when the light 
proceeds from a single luminous point, P. 



If the plane surface P M N be imagined to revolve upon the line P O 
which passes through the (^ntre of the sphere C, this revolving surface 
will describe a cone of space which will include,— and whose outer edge 
will always be in contact with,— the sphere C. It is clear now that the 
apex of the cone, as far as C, will be a cone of light, and that the re- 
mainder of the cone — in other words, that part of the cone which is on 
the side of C remote from P — will be a region of darkness. If, therefore, 
a screen be introduced as shown in the figure, a shadow, M N, will be cast 
upon it. 

Let us now consider the case in which the light proceeds from a lumi- 
nous body of known dimensions, such as S in Fig. 62. 

Of all the rays of light which leave the luminous body, S, it is 
evident from the figure that none can enter that part of the cone, 
P A B, which lies between the sphere C and the screen on which the 
shadow is oast. 


* Not absolutely true, but sufficiently so for our present purpose. 
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Again, it is evident that of tlie rays proceeding from «, all those 
whose course lies in the cone a A A' will be intercepted by C ; there- 
fore of this cone that part which lies between C and the screen will 
be ft shadow; consequently, an observer situated anywhere between 
A! and B will be unable to see an object at a, though he could see 
one at h. 

Again, in the same way, that part of the cone, 6BB', which lies between 
C and the screen, is also a shadow, so that an observer stationed anywhere 
between B' and A will be unable to see an object at 6, though he could 
see one at a. 

Concerning the whole cone, P B A, it is therefore clear that that part of 
it which lies between C and the screen is a total shadow, so far as any 
light proceeding from the luminous body S is concerned, but that such 
portions of the cone P' B' A', as lie between C and the screen, but are not 



included in the cone P B A, are only in a partial shadow so far as the light 
proceeding from S is concerned, that is, they are deprived of some of the 
light rays proceeding to them from S, but not all. 

In this way we get an appearance produced on the screen such as is 
shown in the figure, viz., an inner circle of total shadow, called the 
umhra^ and an outer ring of partial shadow, called the penumhra. 

That light undergoes rejlectiony according to the Rules stated on page 63, 
admits of easy experimeutal demonstration by means of the apparatus 
shown in Fig. 63. 

Two telescopes, t and t\ move round a vertical circle whose circumfer- 
ence is graduated as shown in the figure. The insides of these tele- 
scopes are blackened. At the centre of the circle is the mirror, M, fixed 
horizontally. 

A lighted candle having been placed opposite the eye of the tele- 
scope t', some of the rays of its light pass through it, and being reflected 
from M proceed towards the telescope as shown in the figure. If 
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the telescope t be anywhere on the circle except in that position in which 
the angle O M ^ is equal to O M the person looking through t will see 
nothing of the candle-light passing through t' ; in other words, in order 
to catch the rays of light passing 
through the observer looking 
through t must place it so that 
the degrees O t may equal the de- 
grees O 

It is thus proved that the angle 
of incidence is equal to the angle of 
rejtection. (§ 21, p. 63.) 

Again, if the telescopes, t and t\ 
be in the positions required by the 
law just repeated, but at the same 
time the left half of the vertical 
circle on which they move be bent 
back, so that the left half of the 
circle is not in the same plane as 
the right, then the observer looking 
through t will find it impossible to 
catch the rays passing through t* 
and reflected fiom M, for, by the 
second law of reflection, the incident 
and the reflected ray are always in 
the same plane, therefore a person looking through a telescope moving in 
one plane can never catch rays of light travelling in another plane. 

Before we proceed further in our study of light, it will be necessary to 
explain the following terms ; — 

(1.) A Mirror is a hai-d-polished surface, usually either of glass or 
metal, which serves to reflect light. The suiface of a sheet of 
still water, of mercury, or of any other substance whose surface 
reflects light, may also be regarded as a mirror. 

(2.) An Image is the place at which an object appears to be present. 

In the accompanying figure let A be a luminous point ; then from A 
rays of light will proceed in all directions, as indicated by the arrows ; of 
these let one enter the eye of an observer at B ; this observer will see A 
in its actual position. Now let other rays fall upon the mirror and be 
reflected from it as shown by the thick lines in the figure, each ray so 
reflected making its angle of incidence, i, equal to its angle of reflection, r, 
and let one of the reflected rays also enter the eye of the observer at B, 
Then this observer will see an image of A at A' ; he will thus see two 
images of A, one due to a direct ray and one to a reflected ray. A similar 
thing would happen to another observer at 0. 
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In this cftsa, and the same applies to every case of reflection of light 
from plane mirrors, the reflected rays appear to diverge from a point A' 
situated as far behind the mirror as the point A, from which they actually 
diverge, is before the mirror. 



It will be noticed that the ray A O, which makes a perpendicular with 
the surface of the mirror, returns from it to A by the same course it 
pursued to reach the mirror ; hence the rule that a ray of light which 
reaches a mirror, by a course which coincides with the normal at its point 
of incidence^ will he reflected from the mirror along the same normal. 



In Fig. 65 the ray A M falls perpendicularly upon the inirror, and is 
therefore reflected back again along its incident course, consequently an 
observer at F will receive the ray H A as though it originated at some 
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point along the line F' F. Similarly, an observer at G will receive the 
ray N G as though it originated at some point along the line G. But 
the point A' is the only point common to the two lines, F' F and G' G ; 
therefore, if the observer at F and the one at Q both see the same image of 
A, that image must be seen as being at A'. 

But it may perhaps be doubted whether they do see the same image ; 
let us therefore endeavour to prove that they mtist necessarily do so. 


From the accompanying 
figure it is evident that 
the two rays AM, AN, 
both enter the eye at F 
after reflection ; it is fur- 
ther evident that these 
rays after reflection enter 
the eye at F as though 
they came originally from 
A' ; therefore an image of 
A is seen at A' by an ob- 
server at F. But again, 
it is evident that the three 
reflected rays which enter 




Fig. 06. 


the eye at G also appear to come from A', so that an observer nt G would 
see the image of A at A' just as did the observer at F ; and in the same 
way it can be shown that to eveiy observer who sees an image of A in 


this mirror the position of 
that image will appear to be 
the same, and that position is 
as far behind the mirror as 
the point itself is actually c «- 
fore the mirror ; and the same 
remark applies to every other 
point of the object A B, con- 
sequently the image of the 
whole object, A B, will be seen 
behind the mirror equal in 
size and similar in shape to 
the object itself, and situated 
as far behind the mirror as 
the object itself is before the 



mirror. 

A. curious effect of the refieC' 


Pig. 67. 


Uon of light by plane mirrors is shown in the accompanying figure, in 
which are represented two plane mirrors placed at right angles to each 
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otter. It win be noticed that the images formed by the reflected rays 
are all lateral inversions of the object P placed before the mirrors. 

This lat&i'al inversion always accompanies the formation of an image hy 
a plane miri*o)\ and some further curious effects are obtained in con- 
sequence ; one of tliem being the following 

In Fig. 68 let A be a shepherd holding his crook in his left hand and 
a flower in his right. Then, from every part of his person rays of light 
disperse themselves in all directions, and among these will be one ray 
C C' proceeding from C to C', and another proceeding from F to F', and 
these rays, leaving C' and F' as reflected rays and entering the eye of an 
observer at E, will impress that observer with the idea that the figure B 
is that of a shepherd holding his crook in his right hand (not his left^ as 
in A), and a flower in his left (not his rights as in A) ; in short, the whole 
image B is a lateral inversion of the object A, 



Fig. 68. 


In Fig. 67 it will be observed that, counting the object itself as one, 
there are four images of the same object presented to the eye j if, how- 
ever, the mirrors had been inclined to each other at an angle of 60°, 
the number of images, including the object itself, would have been six, 
according to the rule that 

the number of images (including the object itself) — 

360 ^ 

the number of degrees at which the angles are inclined to each other. 

If, therefore, the two mirrors be held parallel to each other, the deno- 
minator of this fraction being O, the number of images will be unlimited, 
according to the formula that 


360° 

0 ° 


^-Infinity. 


This may be best shown by placing a lighted taper between two looking- 
glasses, both placed perpendicularly, as shown in Fig. 69. An image of 
the taper will be formed on each of the mirrors A and B, and an image 
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of the image on A will be formed on B, and an image of the image on B 
will be formed on A, &c , &Co Ac. Thua an unending Buccession of images 
is to bo seen by a person look- 
ing either at A or at B. 

The Kaleidoscope is a toy 
the piinciple of which is the 
multiplication of images by 
two mirrors set at an angle 
to each other. It consists of 
a tube of metal or cardboard 
which contains either two 
long pieces of smoked glass, 
or two pieces of silvered glass 
set at an angle with each 
other. The tube is closed at one end by a covering in which is a hole for 
the person using it to look through ; at the other end are vaiious objects, 
such as bits of coloured glass, beads, Ac. The long pieces of glass act as 
mirrors, and the consequence is, that when the instrument is turned round 
in a person’s hands the small objects at the end continually change their 
positions, and thus give rise to an endless variety of appearances, some of 
which are extremely pretty. 

These effects may bo magnified and diversified by using three reflecting 
plates instead of two; these 
are arranged in the tube so as 
to form the three sides of a 
triangle, and as each pair of 
reflectors serves to form a 
kaleidoscopic pattern, it fol- 
lows that the whole three cf 
them together produce pretty 
much the same effect as a 
combination of three kaleido- 
scopes. 

Fig. 70 represents the im- 
ages in a kaleidoscope formed 
by two mirrors and three 
small bits of glass which have 
fallen together symmetrically 
to form the object A* 

Another somewhat similar effect is produced by holding a lighted 
oandle close to a common looking-glass. Such a glass consists of a piece 
of pi ate -glass silvered at the back. When a ray of light, A B, falls upon 
such a mirror, part of it is at once reflected, as atB C, while the remainder 
enter 3 the glass and (with a somewhat changed course) propagates itself 



Fig 70. 
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throngli the glasa towards the silvered surface, D G L, at the hack of the 
mirror. Here it again undergoes reflection towards the fi'ont surface of 
the glass^ and, reaching E, part of the light there undergoes reflection 
towards G, while the other part enters the air as £ F. That part which 
was reflected towards G is again reflected from G towards J, and at J 
the same happens to it which happened at £, 
i.c., a portion of it is reflected towards L, while 
another portion enters the air as J K. 

In Fig. 71 the ray A B is represented as falling 
rather obliquely upon the mirror ; a little con- 
sideration will show US, however, that the more 
perpendicularly the ray A B strikes the mirror, 
the less will be the distance separating the my» 
B C, E F, J K ; it thus may happen that these 
rays may be so close together that the eye of an 
observer fails to distinguish them ns separate 
rays proceeding from diffeient points; this is 
the case when the eye of the observer is placed 
directly, or nearly directly, behind the candle, 
with regard to the mirror. If, however, the 
caudle be placed clo6e to the mirror, and the 
eye of the obseiver be also placed close to the 
mirror but at a distance from the candle, and the observer then look 
towards that part of the mirror which is close to the candle, he will 
observe a number of images of the one candle arranged as in Fig. 72. 

Each of these images is the effect of the splitting up 
(by reflection) of such a ray as A B (Fig. 71) falling 
obliquely upon the mirror. 

In this figure (Fig. 72) A is the candle itself ; B tho 
brightest image of it ; and C, D, E are fainter images. 

It has been already stated that the image of an object 
appears as far behind a mirror as the object itself is 
before the mirror. If now M be a plane mirror (Fig. 
73) and A an object placed before it at a distance of 
6 feet, the image of A will appear to be at A!. But if 
A keep its position while M is moved one foot nearer 
A, it is evident that A' must come two feet nearer A 
(Fig. 74). Similarly, if M be caused to move one foot away from A, the 
image A' will thereby be caused to move off two feet farther from A. 



Fig. 72. 




A M A' A M A' 

Pig. 78. Fig. 74. 

And it is evident that since the image travels iu these eases over twice 
the space x>erfonned by the mirror^ the velocity of the image is doable 
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that of the mirror ; it is thus found that when a mirror chanffes its posi- 
tion in a direction perpendicular to its own planes, the image of an object 
placed before it advances when the mirror advances and recedes when it 
recedes, and that this advancing or receding motion of the image is always 
performed with a velocity which is double that of the mirror. 

In the same way we find that when a revolving mirror reflects light 
from a stationary object, the number of degrees by which the angle of 
reflection increases is equal to double the number of degrees through 
which the mirror passes, or, in other words, the angular velocity of the 
reflected ray is double that of the mirror which reflects it. 

In Fig. 75 it can be seen that when the minor — which revolves on O— 
is in the position A B, the angles of incidence and reflection are each 
angles of 30® ; but when the mirror has travelled through 15® to gain the 
position A' B', the reflected ray has been caused to take up u new position 



removed by 30® from its former position. While, therefore, the mirror 
nas moved through 15®, the reflected ray has moved through 30® ; there- 
fore the angular velocity of the reflected ray is in this case double that of 
the mirror which reflects it, and a little consideration will show us that 
this must be so in all such cases. 

(3. ) Modes In which Heat is Propagated from Point to Pclnt ; Beflec> 
tlon of Radiant Heat by Plane Surfaces. 

There are three ways in which heat may be translated from one point 
to another, viz. 

1st. Convection, which is the actual carrying (or conveying, hence the 
word “convection”) of heat from one place to another by a 
body which itself moves and carries the heat with it, as when 
a body of heated air rises into the higher parts of the atmosphere. 



76 ACOtJSTICS, LIGHT, AND HEAT. 

2d. Conduction, wbich is the passing on of heat rays from particle to 
particle of a stationary body ; as when a poker — one end of which 
is in the hre — becomes heated at its other end which is some 
distance from the fire. In tliis case the poker as a whole remains 
without motion, but the heat of the fire passing from one end of 
it to the other does so by reason of a vibratory motion com- 
municated by the fire to the particles of the poker in immediate 
proximity with it, and by these transmitted to others near them, 
and so on to the other end of the poker ; thus the poker as a 
whole remains unmoved, while each of its component particles 
is in a state of more or less rapid vibration. 

3d. Kadlation, which is the passing of heat from point to point of space 
by means of vibrations communicated to the ether which is 
supposed to permeate all bodies, and to fill all space not occupied 
by ponderable matter; as when the heat of the sun leaches the 
eaith and other heavenly bodies, and does so by pasainfj 
hetwceii the particles of which our atmosphere is composed, but 
heating none of them. Such heat travels always in straight 
lines, or rays, and is hence called radiant heat. 

We will now describe some experiments illustrative of these different 
methods of transmitting heat from point to point of space. 

Water, like m )st other bodies, expands when heated and contracts 

when cooled, so that, bulk 
for bulk, it is rendered 
lighter by heating it and 
heavier by cooling it; con- 
sequently in Fig. 76 the 
water just above the mouth 
of the Bunsen’s burner, B, 
becomes lighter than that 
sunounding it. It conse- 
quently rises towatds the 
top of the water while 
cooler water comes in to 
take its place, and this be- 
coming hot in its turn also 
rises, and thus is established 
the circulation shown in the 
figure. In Fig. 77, on the contrary, a circulation, due to the presence of 
a lump of ice at the surface of the water, in all respects the reverse of 
that in Fig. 76, is set up and maintained. 

In both these cases heat is carried from place to place by the moving 
water ; that water which rises carries with it more heat than that which 
sinks, and vice vend, that which sinks carries with it less heat than that 
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which rises ; in both cases, however, heat is actually carried by moving 
matter. 

These experiments illustrate the transmission of heat by convection, and 
it is here particularly to be noted that a cold body can as well give rise to 
convection currents as can a hot body. And it may also here be noted 
that there is really no such thing as cold ; “ coldness ” is simply absence 
of heat^ and it is thus clear that convection currents will always be set 
up whenever one portion of a fluid body — be it either liquid or gaseous — 
possesses more heat or less heat than other portions beneath it or sur- 
rounding it. If, however, the hotter portion be superincumbent upon the 
colder, such currents are not set up, and as the following easy experiment 
will seive to show. 

Fig. 78 represents a test-tube filled as full as possible with water, and 
having a piece of ice at the 
bottom. As ice is lighter 
than water it would rise to 
the surface unless prevented ; 
this can be accomplished by 
twisting a piece of copper 
wire round the ice ; it then 
sinks as shown in the figure. 

The water at the surface is 
now heated by means of the 
Bunsen 8 burner, B, and it 
can then be seen that the ice 
remains n good while un- 
melted, because the heated 
water at the surface has no tendency to descend to the bottom of the 
tube where the ice is. Ultimately, however, the ice will be melted 
because the lieat at the surface will travel downwards hy conduction, the 
reason why it is so long in doing so is that water, like most other fluids, 
does not possess the power of conveying heat rapidly from particle to 
particle of its own substance, in other words, water ts a bad conductor 
of heat. 

To make the above experiment perfectly conclusive, put another piece 
of ice in a similar tube, and let it float at the surface of the water, and 
place the burner, B, at the bottom of the tube, thus to obtain convection 
currents, and then notice how rapidly the ice will melt. 

From this experiment, it is clear that when rooms are heated by a hot* 
water apparatus the furnace for heating the water must be lower than 
the rooms to be heated, for hot water cannot be made to descend to 
a lower level. The same remaik applies to air and other gases. These 
have very small conducting powers indeed ; hence rooms can be kept cool 
in summer and warm in winter by making their windows double, so as to 



Fig 78. 
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include a quantity of air between the inner and tbe outer panel of glan. 
The air so enclosed prevents the passage of heat by conduction outwards 
in winter and inwards in summer. 

In the same way woollen clothing is warmest in winter and coolest in 
summer, because its heat-conducting power is smaller than that of most 
other substances used for clothing. In winter, therefore, it refuses, as it 
were, to do much in the way of conducting off animal heat from the 
body, and in summer it declines to do much in the way of conducting 
solar heat inwards to the body. For the same reason we wrap ice in 
flannel to keep it from melting in hot weather. It must be carefully 
noted that substances used for clothing possess no heating powers of their 
own; they act simply by preserving to the body the heat generated 
in itself. Black substances, as a rule, possess higher radiating 
powers than do white ones. Consequently, a black garment serves 
quicker to cool one — by allowing heat to be abstracted from the body— 
than a white garment. But substances which are good radiators of heatj 
that is, which possess great powers of parting with heat, are also great 
ahsorhers of heat, and vice versd, being thus not unlike one to whom a 
great fortune comes suddenly and unexpectedly, and who at once begins 
to squander it, according to the adage Lightly come, lightly go,^* There- 
fore, dark substances, which radiate heat freely, also absorb it freely ; 
consequently a black coat is not only cooler in winter than a white one 
of the same material, but is also warmer in summer. 

Polished substances absorb heat less freely than do rough unpolished 
ones ; hence, in order that a kettle may absorb heat quickly and thus boil 
in a short time, it is well that it should be black with soot, but in order 
that it may keep hot a long time after being removed from the fire, it is 
necessary that it should be polished and not black, for the polished 
surface, being a poor absorber of heat, is also a poor radiator. Hence it 
would happen that, if a brightly polished teapot were filled with hot 
water, it would cool slowly, because of the low radiating power of its 
polished surface ; but if it be now surrounded closely with a rough 
flannel, it would cool quicker, because of the higher radiating power of the 
fliannel over the polished surface of the teapot. But the student will ask, 
“ Why do we, then, use * cosies ’ for keeping teapots warm ? ” The answer 
is that a cosy does not fit closely to the teapot, but is always made to fit 
BO loosely that it encloses a considerable volume of air between itself and 
the teapot : this air, being a bad conductor of heat, acts as a check upon 
the passage of the heat from the teapot to the cosy itself and so to the 
outer air. Radiant heat is subject to reflection, like light, and the cosy 
again serves to restrain the passage of beat from the teapot by reflecting 
it back again after its passage through the enclosed air. 

The radiating power of a body has thus been shown to agree with its 
absorbing power ; in other words, we have pointed out the reciprocity of 
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radiation and ahsorption. Further, we hare ghown that the radiating 
power of a body depends upon 

Ist, The roughness or smoothness of its surface; 

2d, The colour of its surface. 

It also depends upon 

3d, The material of which its surface is composed. This is clear from 
the fact that the cooling of a body may be accelerated, in certain oases, 
by surrounding it with flannel as mentioned above. 

The cooling (or heating, as the case may be) of vessels may be retarded 
by surrounding them with any loosely-compacted substance, such as 
straw, sawdust, felt. The action of these substances, in preventing the 
transmission of heat, is supposed to be due to the presence of air in the 
interstices of the substances. For this reason felt is much used for cover- 
ing outhouses, and sawdust and straw in packing ice. 

Sound, as well as heat, has its transmission retarded by sawdust and 
such substances. For this reason the under parts of railway carriages 
are sometimes lined with layers of sawdust, and the sound of the wheels 
is thereby much diminished. As heat and sound, in this case, are 
obedient to the same law, it is but fair to argue that they are of similar 
natures, and that therefore the conduction of heat is a phenomenon 
exactly resembling the transmission of sound, both consisting in the 
propagation of a vibratory motion from particle to particle of a material 
body. 

As already stated, gases and liquids are poor conductors of heat, so also 
are all organic substances : the best conductors are the metats ; of these 
silver stands first : thus, if the conducting power of silver be 100, wo 
may state those of some other metals thus — 

Silver 100 Gold 53 Iron 12 Platinum 8 

Copper 74 Tin 15 Lead 9 Bismuth 2 

The different relative conductivities of metals may be illustrated by 
experiments, thus — 

A B, AO, are bars of iron and copper respectively, each of the same 
size, and each having small balls of wood attached to it at equal distances 
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Fig. 79. 


by means of wax. A Bunsen’s burner at A serves as a source of heat to 
both bars, and the greater conductivity of the copper is shown by the 
greater number of balls which fall from A 0 in a given time, owing to 
the melting of the wax which attached them to the bars, 
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Hg. 80 shows an apparatus coustructed to act on the same principle 
as the last : a, 6, c, e, are rods of iron, copper, wood, glass, Ac., coated 
with wax and inserted in the side of a trough, which is then filled with 
boiling oil or water. The heat is found to be conducted at different rates 

through the rods, a, b, c, 

€, as is seen by the differ- 
ent distances from the 
trough to which the wax 
on them melts. 

Another method, pro- 
ceeding on a somewhat 
different principle, is the 
following ; — 

In Fig. 81 is represented 
a bar of metal, beited by a 
liunsen’s burner at one end, 
and having lioles drilled 
in it at regular distances, 
into which the tiny thermo- 
Fig. 8u. meters, o, 6, c, c?, e, /, ff, are 



inserted. 

As the heating continues the mercury gradually rises in these thermo- 
meters, but at last becomes stationary in them all, and when this point is 
reached it is found that the heights of the mercury in these thermometers 
gradually become less towards the end farthest from the heat. 

The amount of the falling off of the heat for this bar having been 
c d e ^ y noted, the bar is re- 

1 0 [I 11 II moved, and a similar 

I I I y one of a different 

^ 1 metal is substituted, 
and the falling off in 
this case is also noted. 
Suppose it to be less 
in this case than in 
the other, is the 
second metal a better 
or a worse conduc- 
Pig. 81. '' than the 

other? 

Before we can answer this question, we must know why the mercury 
becomes stationary in these theiTOometers. Now, we know that the only 
possible reason for this is that its temperature ceases to rise, in other 
words, it ceases to receive more heat than it loses by radiation into the 
surrounding atmosphere. The reason why the mercury becomes station- 
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tLty ib6n is, that the bar has now entered upon that state in which it 
loses as much by radiation into the air as it gains by conduction from 
the end near the burner. But from the time the heat started on its 
course towards a, it has been constantly decreasing in amount, because of 
the radiation going on ; also, while passing from a to 6, radiation has also 
been continuing, and is clear that the longer it takes the heat to pass 
from a to 6 the greater will be the loss by radiation which takes place, and 
the greater therefore will be the difference between the heights of the 
mercuiy at a and b. Consequently if, 
as we supposed, this difference in the 
case of the second bar is less than that 
in the first bar, the second bar is of the 
two the better conductor. 

The conductivity of silver being 100, 
that of German silver is 6 ; therefore, if 
two spoons, one of silver and the other of 
German silver, be placed on a tripod in 
a beaker of hot water (Fig. 82), the heat 
will reach a bit of phosphorus, P, on the 
silver spoon, and inflame it long before 
the same thing happens to the phos- 
phorus on the other spoon. 

An instance of the rejieetion of radiant 
heat by plane surfaces is that which takes place when the heat from a 
fire is reflected forwards into the room by means of glazed tiles round 
the fireplace. 

4. Reflection of Sound, Light, and Heat by Curved Surfaces. 

(1.) When the light from a body is reflected by a surface which is not 



flat, it almost always produces a distorted image of the object. In every 
ease which the image of the object is not bo distorted, the mirror, if not 
a pl^e one, is one whose surface forms a section of a sphere. Such 
spherical mirrors may be either concave or convex. 



F 
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If in the etrfdglLt line AB (Fig. 83)) we take the point C &> the centre 
of the arc MN, then MN represents a spherical mirror^ concaTe to light 
ooming to it from the left : the line AB represents its principal axis ; 
the point 0 is its centre of curvature; and the point D is the middle of the 
mirror; and the point F, situate midway between C and D, is the 
principal focus. The distance FD is the focal length of the mirror. 

(2.) Geometrically, a sphei'c is considered to be made up of an infinite 
number of minute flat surfaces^ and we make the same supposition in con- 
sidering the reflection of light from curved surfaces. In order, there- 
fore, to understand the reflection of any particular ray of light from the 
curved mirror MN, we consider only what 
would happen to it if the surface of MN at 
the point of incidence of that particular ray 
^ were fiat instead of cw'ved. Now we know 
already (page 69) that, in the case of a ray of 
light incident upon a plane mirror, the 
angle of incidence is equal to the angle of 
reflection ; but, in order to apply this to 
the case of curved mirrors, it becomes ne- 
cessary to know how to find the noi'mal to 
a curved surface. By geometry we know 
that a line which just touches a circle, 
as ABC (Fig. 84), is necessarily at right 
angles to a radius, BO, of the circle, drawn to the point of contact. If 
then we regard the point B as part of the circumference of the circle, it 
follows that the radius BO is at right angles to the point B, 

From which we learn that a normal to any point in a spherical mimr. 



may he described by joining that point to the centre of curvature of the 
mirror. 

(3. ) In the accompanying figure (Fig. 85), if a ray of light leaving A 
travel along the principal axis AB, it will again return along it to A once 
more, for, in this case, 01> is part of the incident ray; the angle of 
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incidence is therefore ni/, and the angle of reflection is consequently also 
nil : therefore the rny returns by the way it came. Now the rays ME, 
NG, PK, RL, and all others which, like them, proceed to the mirronin 
directions which are parallel to AB, will, after reflection, pass through 
the point F, which, as we have already said, is the principal focus of the 
tniiTOVt and is situated midway between the points C and D. 

In the figure the normals are indicated by the dotted lines, and it must 
carefully be noted that the angles of incidence and reflection are in each 
case equal to each other. 

If a luminous point be placed at F, then it is clear that the rays FB, 
FG, FK, FL, will, after reflection, take the courses EM, GN, KP, LR, 
because they thereby conform to the law that the angle of reflection is 
equal to the angle of incidence. 

(4.) In Fig. 86 it is clear that the ray PD will, like AD in the last 
figure (Fig. 85), return by the way it goes to the mirror. Now we know 



that all the rays, PE, PD, PL, which leave the point P, will meet 
together in some part their reflected courses; since, therefore, the 
reflected course of one of them, PD, is known to be DP, it follows that 
all those of the rays leaving P which fall upon the mirror must it eet 
together (i.e., he focussed) at some point in PD. 

But, since the angle of reflection, CEF, corresponds to the angle of 
incidence, MEC, it is evident that an angle of reflection smaller than 
CEF will correspond to the incident angle PEC, which is smaller than 
MEC ; therefore the ray PE will, after reflection, take a course some- 
where betw-een EC and EF, as Ep. Therefore F' will be the point at 
which all the rays from P, which are incident upon the mirror, will be 
brought to a focus. 

And similar I’easoning will show us that if the point P be brought nearer 
to C, then the point F' will also come nearer to C till they both meet 
at 0 ; for then the incident ray will take its course by way of the normal 
CE, and will therefore return by the same way. 
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But if we still imsgiue P to movo on its course towards the mirror it 
will presently reach F', and then the focus will be at P, so that the 
luminous point and its focus have made an interchange of positions. 
Because of this interchange — which is always practicable— the two points^ 
P and F, are called covjugate foci. 

When P reaches F its rays, of course, leave the mirror in directions 
parallel with each other and with the principal axis. (See 3, above.) 
But, when it passes F and so attains a position, P', where will its rays go 
after reflection? It is clear that the angle of incidence F£0 is greater 
than the angle of incidence FEC, therefore the angle of reflection cor- 
responding to P'EC must be greater than the angle of reflection CEM ; 
evidently, then, the ray P'E will, after reflection, take the course EP'. 
But the ray FD will return, of course, by the way it goes to the mirror, 
t.e., in the direction DP'. But the courses EF and DP' will never meet 
towards the left, i.c., towards the direction in which the reflected rnj-s 
move ; but they will appear to come from a point, P", behind the mirror, 
as shown by the dotted lines. In the same way the ray P'K, after reflec- 
tion, takes the course KR, as though it also came from P”. 

Such a point as P" is called a virtual focus, because, although rays of 
light do not really proceed from it, they produce upon the eye an effect 
which is the same as though they did actually proceed therefrom ; and 
the image at P" is a virtual image of the object at P'. 

(5. ) Having now shown the different positions of the image of a luminous 
point which is made gradually to approach a concave mirror along the 
line of its principal axis, we will now endeavour to see what happens when 
the object is not on the line of the principal axis. 

But, to prevent the possibility of misunderstanding, we will here re- 
mark that the eye of an observer so placed as to receive one of the 
reflected rays in the last figure — or, indeed, in any other case — will see 
an Image of the object. Thus, the observer at P sees the image P", so do 
the observers at F and R ; although the positions of the observers vary, 
that of the image remains the same in all three cases. * 

Let it now be required to find the point at which all the light rays 
proceeding from the point P (Fig, 87) will be brought to a focus. 

Of the rays proceeding from P in all directions there will be one, PL, 
which will pass through, C, the centre of the curvature ; but this one will 
strike the mirror at right angles to its surface, and will therefore return 
along its own course again : therefore, if PL meet any other of the rays 
proceeding from P, it must meet them somewhere in the PL or PL 
produced. 

And this must evidently be the case whatever be the position of the 
point P. 


Not absolutely true. Bee page 91. 
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The line PL is called a Becondary ctxis, and it is now clear that when- 
ever we are called upon to determine the position of the image of a 
luminous point formed by a spherical mirror, the first thing we must do 
is to join that point with the centre of curvature of the mirror, 0 (as PC, 
above), and produce the line to meet the mirror (as PCL, above) ; the 
line thus formed is called the secondary axis if the point be situated as 
P in the accompanying figure, and the principal axis if it be situated as 
P' in this figure, i.e., in the line of a normal drawn at, D, the middle of 
the mirror. 

We have shown that if the rays from P be focussed at all it must be 
at a point somewhere on the line PL (or PL produced, if necessary). 
Now, if we can find the point at which any one of the rays leaving P will, 
after reflection, cut PL, we shall know that all the other rays proceeding 
from P will cut it at the same point. But we know that the ray PR, 
parallel to the principal axis, will, after reflection, pass through F as RF, 
and, continuing in this course, it will cut PL in P" ; therefore P" is the 



focus for all the rays proceeding from P which fall upon this mirror ; 
c.p., the rays, PM, PN, both are reflected to pass through P". 

We have to remember then that, in order to fix the position of the 
image of a luminous point not situated on the principal axis, we must 
Ist, Draw its secondary axis ; and 

2d, Draw one of its rays parallel to the principal axis, reflect it 
through the principal focus, and continue its course till it inter- 
sects its secondary axis. 

— It will he observed that P and P" are conjugate foci, and there- 
fore rays proceeding from F' will be focussed at P. 

It is now clear that if the laminot/s point be farther from the mirror than 
<7, its image will he formed someiohere the mirror than (7, hvi not so 

near as F, and vice versd. 

(6. ) In Fig. 88 the point P is nearer the mirror than is the point P ? 
in this case we proceed, as before, to draw the secondary axis, PC, and 
then to trace the course, PMF, of the ray, PM, whose incident course is 
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parallel to the principal axis ; bat we find that, in this ease, the lines PC 
and FM can only be naade to meet by producing them backwards, as 
shown by the dotted lines, and in this way we get a virtual image of 
PatF* 



(7.) Having now considered the positions of the images of a luminous 
point, let us proceed to apply this knowledge to the consideration of the 
positions of images of a luminous body of sensible dimensions. 

In the present figure (Fig. 89) the points A' B' are determined in the 
same manner as was P" in Fig. 87. (See 5, above.) 

From this figure we see that if an object be farther from a concave 
spherical mirror than is its centre of curvature^ the image of that object 
will he a real one^ will be smaller than the object itself inverted also^ and 
situated between the centre of curvature and the principal focus. 

And again, since the points A and A! and the points B and B' are two 



pairs of conjugate foci, it follows that an image of an object A^B^ would 
be formed at AB. Therefore, if an object be placed between the centre of 
curvature of a concave spherical mirror and its pHncipal focuSt the image 
of this body formed by the mirror will be a real one, will be larger than the 
object itself, will be inverted, and will be situated farther from the mirror 
than is its centre of curvature. 

(8. ) In the present figure (Fig. 90) the points A'B' are determined in 
the same manner as was P' in Fig. 68. (See 6, above). 
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From this figure we see that if an object he placed between the principal 
focus of a mirror and the mirror itself the image of this object will be 
larger than the object itself, will be upright, and will appear to be situated 
behind the mirror, and will therefore be a virtual image. 

The student will be able to verify these things, in some measure, by 
causing his face gradually to approach a concave mirror; at first his 
image, as presented by the mirror, will be small and inverted, then 



comes a moment when everything seems confused, blurred, and indis- 
tinct, and lastly he sees his image large and upright. 

(9. ) Convex mirrors never cause rays to converge ; whenever, therefore, 
an image is formed by a convex mirror, that image is a virtual one, for it 
appears behind the mirror. 

The two principles mentioned above, as enabling us to determine the 
formation of images by concave mirrors, apply also to their formation by 
convex mirrors, as we shall see immediately. 



rig. 91. 

We have already seen that a ray of light, incident upon acowrave mirror 
in a direction perpendicular to its surface, is reflected upon itself ; the 
same is true of a convex mirror. 

In the present figure the incident rays, Aa, B6, cTD, Ec, Og, all strike 
the mirror perpendicularly ; for they are each a continuation of a radius 
of curvature, i.e.,a line drawn from the centre of curvature, O, to the 
mirror. Consequently, all these rays are reflected by the way they 
came. 
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In the accompanying figure (Fig. 92) the dotted lines proceeding from 
C are radii of curvature^ consequently their continuations form normals 
for the incident rays An, B6, G^r, Mm, Nn / and by constructing the 
figure in such a way that the reflected rays, aA', 6B', eE', pG', »iM', nN', 
make their angles of reflection equal to those of incidence, we find that 



Fig. Q2. 

all these reflected rays appear to proceed from the point F ; and there- 
fore F is the principal focus in this as in the concave mirror, and this 
principal focus may bo defined as that point on the principal axis from 
which all the rays of light incident upon the convex mirror in a direc- 



tion parallel with the principal axis appear to proceed, after reflection, 
from the surface of the mirror. 

(10.) The image A'B' of the object AB is formed by attention to the 
two points mentioned nearly at the end of 5 (above). By joining AC and 
BO we obtain secondary axes, and then taking the rays, AH, BN, which 
are parallel to the principal axis, we draw the lines, MF, NF, to the 
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principal focus, and where these intersect the secondary axes we get the 
points and and are thus enabled to describe the imago A'B^ 

From this we learn that if an object be placed before a convex spTierical 
mirror^ Vie image formed by the mirror will be erect, emaUer than the 
object, and virtual. 

(11.) Sphei'ical Aberration . — In dealing with the reflection of light by 
mirrors, we have hitherto spoken of spherical mirrors in a rather loose 
way, for most of the propositions laid down as true of spherical mirrors 
are only true under special circumstances, but are strictly true of parabolic 
mirrors. For instance, although it is true that the rays of light which 
fall upon a mirror parallel to its principal axis are focussed at F when 
these rays lie pretty near to the principal axis, it is not tipe of them 
when they are removed some distance from that axis. 



If the student constructs for himself, on a large scale, a figure corre* 
spending to Fig. 94, and then, in order to simplify the figure, rubs out 
the dotted lines which are normals and the light lines which indicate the 
incident rays, he will have only the dark lines remaining, and these 
indicate the reflected rays ; and he will then see that the reflected rayg 
C'O and D'D intersect each other at the principal focus, F ; that D'D and 
E^E intersect at a point near the principal focus ; that E'E and G'G inter- 
sect at a point still near the focus, but not so near as in the last case ; 
that G'Q and K'K intersect at a point comparatively distant from F ; and 
that K'K and L'L intersect at a still more distant point. 

Now it is possible for an eye situated at C, that is, roughly speaking, 
on the principal axis, to receive the rays C'C and D'D (and all the rays 
intermediate between them, and of which there will, of course, be a great 
number in any actual case) ; to such an eye there will appear to be a 
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bright «pot at r, where these rays intersect, in facst, the rays will appear 
to come both from F. 

In the same way, an eye so situated as to receive any other two of the 
reflected rays will see bright spots at their point of intersection, and 
therefore an eye so situated as to receive all these reflected rays will see 
bright spots at aM their points of intersection. 

Kow, concerning these points of intersection, two things may be 
noted : 

1st. That a great many of them lie close to the principal focus, F, 
and that those which do so lie close to F are the points of 
intersection of those reflected rays whose incident rays struck 
the mirror near to C', and whose incident courses therefore lay 
near to the principal axis. 

2d. That through these points of intersection a curve might be drawn, 
whose cusp should be situate at F. (See the line drawn thus 
— . — . — . — in the figure.) Such a curve is called a caustic 
cw've. 



things are true of rays diverging from a point, P, situated on the principal, 
axis, that we have just shown to be true of rays parallel to that axis, 
viz. : — 

1st. That there is a crowding together of points of intersection at one 
point, /, the points thus crowded together being the intersections 
of rays whose points of incidence on the mirror lie near D, the 
centre of the mirror. 
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2d, That the points of intersection, fyg)k,l, all lie in a caustic cuire 
as shown by the line thus — . — . — . — . 

(13.) From Fig. 95 it is evident that an observer stationed at R will 
see an image of P at /, an observer at S will see it at and an observer at 
T will see it at A, &o. ; in short, the position of the image of P will vary 
according to the position of the observer. 

It is also evident from the same figure that the image seen at a point 
near / will be brighter than one seen at a greater distance from /, because 
of the greater number of rays which practically converge on/; in fact, it 
is usually assumed that all the rays incident upon the mirror within 8° of 
the circle whose centre is D are focussed at /. 

(14. ) The caustic curve is evidently the locus of the points of intersec- 
tion of rays reflected from a mirror ; but whenever these rays pass or 
appear to pass through one point the caustic then is simply one bright 
spot, thus, *‘the caustic of an ellipse^ the luminous point being in one 
focus, is the other focus ; of a parabola^ for rays coming parallel to the 
axis, it is the focus. The caustic of a plane mirror is the point as far 
behind the mirror as the luminous object is in front of the mirror on the 
same normal.”— (Opiics, by Aiip.) 

(15.) An experimental illustration of the formation of a caustic curve is 
exhibited in Fig. 96, in which 
the rays of a candle falling 
upon the concave surface of a 
tumbler, produce upon the sur- 
face of the milk contained in the 
tumbler a curve of bright light ; 
this is a caustic curve. It will 
be seen that the cusp is some- 
what blurred in the actual 
experiment ; this, and, in tact, 
the whole appearance of the 
curve, is due to the aberration 
of light by the concave spheri- 
cal surface from which it is re- 
flected. 

Similar appearances may be 
produced by causing the rays of the sun, or of a lamp or candle, to fall 
upon a piece of watch spring bent in the form of a semicircle and resting 
upon a white surface ; the concave part of a bright spoon also will produce 
similar appearances upon a tablecloth. 

(16.) The reflection of sound by curved surfaces is regulated by the same 
laws which govern the reflection of light by curved mirrors, and may be 
thus illustrated 

In Fig. 97 the sound waves proceeding from a watch are reflected into 
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an ear-trtimpct, and it ia in acoordanc© with what we have leiu*ned re« 
gpecting the reflection of light, to auppose thax. a person using the ear- 
trumpet at T will hear the tickings of the watch with greater distinotneas 
than he would at the point P, although the latter point is actually 
nearer the watch than is the other point. 

Also, since the points T and F may be regarded as acoustic coniugate 



foeif it follows that if the positions of the watch and the trumpet be 
interchanged, a person using the trumpet at F will distinctly hear the 
tickings of the watch at T. 

In Fig. 98 the tickings of the watch, W, placed at the principal focus 
of a concave mirror, are reflected in directions parallel with the joint 



principal axis of the two mirrors, and are collected by the car* trumpet, 
T, placed at the principal focus of the other mirror. 

Here, again, W and T may be regarded as conjugate foci^ and therefore 
the positions of the watch and the trumpet are interchangeable without 
interference with the effect produced. 

Buildings, sometimes by accident and sometimes by design, are so con- 
structed that sound waves are reflected in such manner as to produce 
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curiooA resulta. For instance, there is in Paris a room whose celling is 
elliptical ; the consequence is, that slight whispers proceeding from a 
person standing in one of its foci are distinctly heard by a person standing 
in the other focus, although perfectly inaudible to persons stationed be- 
tween them. 

(17.) The reflection of radiant heat may also be shown by this apparatus. 
A red-hot ball is hung at W, and its heat rays being concentrated at T 
ignite a piece of phosphorus or a quantity of gunpowder placed there for 
that purpose. 

That radiant heat is reflected in a vacvum as well as in air^ was proved 
by Sir Humphrey Davy by means of an experiment somewhat similar to 
the one just described. He used reflectors, as in figure 98, and, placing 
them in vacuo, he fixed a delicate thermometer at T, and at W he 
arranged a platinum wire rendered incandescent by means of a galvanic 
current, and he found that the mercury rose several degrees. 

AppUcodion is made of the reflection of radiant heat in the construction 
of “Dutch ovens” and roasting “jacks;” these are so constructed that 
nearly all the heat incident upon them is reflected upon the meat to be 
roasted. 

If a concave mirror be placed so as to receive rays from the 
sun, a piece of paper placed in its principal focus will be set on firo by 
the reflected heat. 

22. Refraction. 

(1.) Whenever a wave which is travelling through a medium of a certain 
density becomes incident obliquely upon another medium of a dif event 
density^ the course of that wave is diverted t&ioards the normal if the new 
density be gi'eater than the former f and from the noimal if the new density 
he less than the former. 

Thus, a wave which has been travelling through air changes its direc- 
tion when it becomes incident upon a body of water, and takes a new 
course lying nearer the normal than its former course did. 

In the accompanying figure (Fig. 99} the incident rays, PO, PO', pro- 
ceeding through air from the luminous point, P, become the refracted 
rays, OP', O'P”, proceeding through water. 

The law of refraction may be understood from the construction of this 
figure. Let the student draw the rays PO, PO', and then with centres O 
and O' and distances OP and OP' respectively, construct the two circles 
indicated in the figure. From P let fall the perpendicular PR, divide 
OB into four equal parts, and take OS equal to three of these, so that 
OR _ 4 
OS'" 3' 

then from S let fall the perpendicular SP' to out that circle whose centre 
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it O ; join OE'. Then OF it the direction of the refracted ray incident 
at O. 

Similarly, divide O'R into four equal parts, take O'S' equal to three of 
these, and draw the perpendicular ST" to cut the circle whose centre it 
O'. Join OT", then OT" is the direction of the refracted ray incident 
at O'. The chief thing here to be noted is that 
OR 4 
OS ”3 

^ OR 4 

and Qrg, - ^ 

4 

The value ^ called the index of refraction is true always when air and 
water are the media of propagation. 

It must be noted, 

1st. That when light is incident upon the surface of a body of water 
in the manner shown in the figuie, a portion of it is regularly 



reflected^ another portion is irregularly reflected (ie., dieperud), 
and the remainder enters the water and undergoes refraction. 

2d. That of these three portions, the one which is regularly reflected 
and the one which is refracted both continue in the plane of 
their incident ray. 

fld. That the portion regulaxly reflected may meet the eye of an 
observer and give rise to the formation of an image as in a plane 
mirror. (See Fig. 100.) 


i OR O'R 
•** OS ~ O'S' 
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4th. That when light which has been passing through one medium 
becomes incident upon another medium, the value of the index 
of refraction changes with a change of the media concerned, but 
not with a change in the angle of incidence. For example, if 
gloss be substituted for water in Fig. 99, the index of refraction 
2 

will be 2 whatever be the angle at which the ray which has 

been propagated through the air may strike the surface of the 
glass. 



Fig 100. 

6th. That rays of light originating at P' and P" (Fig. 99), and taking 
the directions P'0, P"0' respectively, will be refracted in the 
directions OP, O'P respectively, and will thus meet in P. 


This law of refraction, viz., that with the same two media of propaga- 
OB 

tion the value of is constant, may easily be shown to be in conformity 

with what is called the Law of Sines, as follows 
In the accompanying figure the line A.C is the perpendicular, and the 
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line AB ii tiu hypotenvae of the angle ABO, and it ma3r be proved by 
geometry that vihilt the angle ABC remains unchanged^ the relation which 



AC hears to AB is constant; this may be otherwise expressed, thus — 
AC A'C' A'V^ A"V'" 

AB ~ A'B ■" A'B ~ A"'B 


And the value of this fraction ia called the sine of the angle ABC, 

Now in Fig. 99 we have 

POn = the angle of incidence, and 
P'ON = the angle of reflection, 

and therefore 

the sine of the angle of incidence = the sine of the angle POn 
~ OP 

RO , 

- OP 

and, the sine of the angle of reflection = the sine of the angle P'ON 

_ P'N 
~ OP' 

SO 

*=OF 

SO .... 

“* OP 

Therefore, arranging the values (i) and (ii) we get the following 
fraction :'~ 


RO 

the sine of the angle of incidence _ OP RO 
the sine of the angle of reflection SO SO 

OP 

TiO 

But experiments show us that this fraction is a constant quantity j 

it follows then that 

the sine of the angle of incidence 

the idne of the angle of reflection * constant quantity. 
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Thii constant quantity is called the Index of Refraction^ and, as before 
stated, is, in the case of air and water, f. It may be defined as that 
numerical quantity by which the angle of Refraction mutt be multiplied to 
find the angle of incidence* 

(2.) In Fig. 102 let the arrow be the base of the triangle, ABC, then it 
can be proved by geometry (Euo. 1. 21) that the angle BAG is less than 



BA'C ; that BA'C is less than BA"C ; and that BA"C is less than BA'"0 ; 
in a word, if from the ends of one tide of a triangle there be drawn two 
right lines to a point within the triangle, these shall contain an angle 
greater than that which was originally opposite the side from whose ends 
the lines are drawn. 

Now we know that the farther we remove ourselves from an object the 
smaller that object appears to us, and if we take A'", A", A', A (Fig. 102), 
to represent successive positions of the eye of an observer placed before 
the object BO, we see that the angle enclosed between the ray coining from 



one extreme end of the object and that coming from the other extreme 
end decreases as our distance from the object increases. This angle is 
called the visual angle, and that the apparent size of an object increases 
as this angle increases, and decreases as this angle decreases, may be 

G 
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demonstrated by the fact, that if we interpose between our eye and an 
object a piepe of glass so shaped as to increase the visual angle we shall 
thereby increase the apparent size of that object. This is the principle 
of the simple microscope, as we shall see hereafter. 

(3.) In Fig. 103 the two rays MO, MP are refracted as OA, PB, and thus 
appear to come from the object N. For the eye at AB judges that the 

ray OA has come to it in the 
direction NOA, and that the 
ray PB has come to it in the 
direction NPB, and, therefore, 
that the object from which these 
raygpioceed is at N, where these 
directions intersect. 

Now it can be proved that the 
angle BN A is greater than the 
angle CMD ; therefore (by 2, 
above, see Fig. 102) the image 
of the object at N, that is as it 
appears wlien viewed through 
the water^ is larger than the 
same object at N, thdt is as it 
would appear when viewed through the air alone. 

But as this effect is produced in all objects seen in this manner through 
water, it follows that aU the objects at the bottom of the water will 

appear larger than they would if 
viewed through the air alone. 
Now the nearer a thing is to us 
the larger it appears ; therefore, 
since all the objects at the 
bottom of the water appear 
larger than they really are, wo 
naturally judge that the whole 
bottom of the water is nearer to 
us than it really is ; in other 
words, the effect of the refrac- 
tion of light due to water is to 
make the water appear shallower 
than it really is. 

(4.) In Fig. 104 is shown the appearance which is produced when a 
stick is thrust obliquely into a body of water. The end A of the stick 
ABO appears to be lifted to the position A', and thus the stick appears 
to be bent at B. In other words, the actual stick ABC appears as the 
object A'BO. 

(6.) In Fig. 106, C represents a coin at the bottom of a basin. Let this 
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bas^ at first b« empty, then a ray proceeding in the direction CA will 
be intercepted by the edge of the basin, as shown by the dotted line in 
the figure ; therefore the coin 0 will not be visible to the observer at A. 

Now let water be gradually poured into the basin, then the coin will 
ultimately become visible, for, as shown in the figure, the ray CO will 
be refracted to A, and thus the observer at A will receive the ray COA, 
and will see the coin apparently at C'. 

(6.) In Fig 106 is represented a portion of the earth surrounded by the 
atmosphere, the increasing density of which is indicated by the increas- 
ing nearness of the surrounding circles. S is a star from which the ray 
Sm proceeds. This ray after undergoing repeated refractions (as shown by 
the dotted lines at m a h c), at last reaches the earth at the point O ; at 


SL 


5 

Mg. 106. 

the moment of reaching 0,^the ray is proceeding in the direction nO ; 
consequently the star appear^ to be at S'. In this case the refraction of 
the light is due to the difference in the densities of the different layers 
of the atmosphere, and it will be observed that its effect is to raise the 
apparent position of the star. It thus happens that a star whose real 
position is below the horizon may be rendered visible to an observer. 

It should be noted also that the line mabcnO forms a curve. 

(7.) Critical Angle. 

In Fig. 99 a ray of light proceeding from P" to O' would then take the 
course O'P . Here we have the angle of incidence P"0'N' smaller than the 
angle of refraction n'OT ; and it is always true that when a ray passes 
from any medium into another having less density, it makes its angle of 
incidence leas than its angle of refraction. Consequently, in every su(fii 
case there must be a certain angle of incidence, which is less than a right 
angle, and yet has its angle of refraction equal to a right angle, Iiet 
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MOB (Fig. 107) be this angle ; then the refracted ray takes the course ON, 
that is, it skims the surface of the water. It is now clear that any angle of 
incidence larger than MOB, say BOB, must have an angle of refraction 
greater than a right angle ; in such a case the ray does not enter the lighter 



— iB 

Fig. 107. 


medium at all, in fact, there is now no refraction at all but reflection 
takes place, and that according to the ordinary laws of reflection, so that 
the ray BO is reflected to B', the angle BOB being equal to B'OB. 



Fig. 108. 


The angle MOB being 
that at which refraction 
ceases is called the Critical 
Angle, and the reflection, 
which takes place at the 
angle BOB, is called ToUd 
Bejlection, because all the 
incident light is in this 
case reflected back into the 
medium wherethrough it 
has come. 

From water to air the 
B Critical Angle is 48* 86' ; 
from glass to air it is 
41* 48'. 


(8.) Total Eeflectloxi. 

In Fig. 108 is represented one of the effects of Total Befleotion ; an 
image of A is seen A'. The vessel containing the water is of glass j con- 
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Eequently the oSserver at B can see two images of the object A, riz., one 
due to the direct ray AB, the other dne to the reflected ray AOB. 

N,B . — Some curious effects may be observed when a spoon is placed in 
a tumbler of clear water and then looked at from below the tumbler. 

(9.) Mirage. 

In Fig, 109 is represented a curious effect produced by refraction and 
total reflection. 

In hot sandy regions it frequently happens that the layers of air near 
tiie soil are hotter than those above them ; these lower layers are then 
loss dense than the higher ones. Therefore a ray of light proceeding 
from the point P towards the earth enters layers whose density con- 



Fig. lOd. 


tinually decreases; its course, therefore, is one which makes a greater 
and greater angle with the normal (in other words, the angle of incidence 
continually increases), till the critical angle is at last reached, and their 
total reflection takes place as at Q (Fig. 109). After this the ray begins 
to rise, and at last reaches the eye of the observer at O, after having 
undergone a series of refractions which are the exact opposite of those it 
experienced in proceeding from P to Q. The ray at the moment of 
reaching 0 appears to come from P'; the observer consequently sees an 
image of P at P' : an effect is then produced similar to that shown in 
Fig. 109. 
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(10,) Other very strange effects are sometimes produced by refraction; 
in order to understand these, however, it is necessary to remember that 
tht atmo8phefre itself is hut very little heated by the passage of the sun's rays 
ih)*ough it ; the differences in its temperature are usually produced by 
its contact with heated bodies. Thus, when the sun shines on woods, 
and fields, and sandy deserts, and bodies of water, all these become 
heated in consequence, and then the air in contact with them becomes 
heated also. But as tliese bodies do not all become hot at the same 
rate, and, further, as they do not all part with their heat with the same 
readiness, it follows that the different portions of the air in contact with 
these different bodies become heated to different degrees. Under these 
circumstances refraction takes place as in (9) above (Fig. 109), though 
not always in that direction. For example, images of distant shores are 
sometimes seen by sailors. These images appear as lifted into the air, 
and are probably due to the temperature of the air resting on the land 
being greater than that of the air resting on the sea. Sportsmen have 
also related stories of their having shot several times at an animal which 
appeared quite within their range, and yet to have missed it, the reason 
probably being that in consequence of refraction they were deceived as 
to its position. 

(11. ) Prisms. Remembering the law of Refraction enunciated in § 22 
above (page 93) we can easily see — 

1st. That when a ray of light impinges upon a sheet of glass, whose 

faces are parallel to each other, 
as in Fig. 110, the direction 
which the ray takes on leaving 
the glass is parallel with that it 
pursued when approaching the 
glass, for the deviation due to 
refraction at one face just coun- 
terbalances that due to the re- 
fraction at the other face. 

2d. That if in Fig. Ill be represented a transverse section of a three-sided 
piece of glass called a prisms then the ray of light starting from A will 
be refracted to C and then again to D ; in short, tf^e effect of placing such 
a prism in the path of a ray will be to cause that ray to be refracted 
towards the base of the prism, both when entering and also when leaving 
the prism. 

In this Figure the lines dotted thus signify the direction in 

which the ray moves before refraction ; the lines dotted thus 

signify the normals at the points of refraction. The student will care- 
fully notice that the glass being denser than the surrounding air the 
refraction at B is towards the normal, but at C it is away from the normal. 
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From th© figure it is clear that an observer at D will see an image of A 
at A'f i.c., farther from the base than the object itself. 



Ist. In a prism the angle opposite the base is called i?i€ refract- 
ing angle, and the edge where the two lefracting surfaces meet is 
called the refracting edge, or the edge. Thus the refracting edge and 
the refracting angle are both opposite the base. 

2d. Prisma aie not all made of glass; they must consist of a trans- 
parent substance whose refractive power is different from that of 
the air. Its density is usually, but not necessarily, greater than 
that of the atmosphere. 

(12.) Lenses are usually made of glass, and are used to cause rays of 
light either to converge or to diverge. Their power to cause these 
changes in the direction of luminous rays depends upon — 

1st. The nature of the glass or other material of which they are com- 
posed ; 

2d. The curvature of their surfaces. 

There are six kinds of lenses usually employed in optics ; transverse 
sections of these are represented in Fig. 112. 

It will be noticed that all the Converging Lenses are thicker at their 
centres than at their borders, but all the Diverging Lenses are thicker at 
their borders than at their centres. 

In Nos. 1, 3, 4, 6 both the faces of the lenses are spherical. The centres 
of the spheres of which these faces are parts are called Centres of Curva- 
ture the line joining these is called the Principal Ascis. In Nos. 2 and 6 
the principal axis is a line drawn from the centre of curvature at right 
angles to the plane surface of the lens. 

In every lens there is a point called its Optical Centre, This point is 
always situated on the principal axis, and its position in four of the 
different lenses is marked in Fig. 112 by the points O. AH secondary > 
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These lenses are called Digging because, as we shall see hereafter, they cause the rays which leave them to app^r to 
diverge from an imaginary point behind them, t.c., a point on the same side of the lens as the starting-point of the rays. 

In the following pages we shall study the properties only of the first lens of this group, because the properties of all 
the three are the same in kind though different, of course, in degree. 

Fig. 112. 
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axes also pass throiigh this point : hence its importance. In each menisotm 
the optical centre lies outside the Jens altogether. The peculiar property 
of this point is that all rays, which in their course through a lens traverse 
its optical centre, leave the lens in a direction parallel with that in which 
it approached the lens ; and, vice verad^ every ray whose course on leav- 
ing a lens is parallel with that by which it reached the lens, must have 
passed through the optical centre of that lens. 

The Real Focus of a lens is that point towards which the rays, which 
in any particular case traverse it, are refracted. The Virtual Focus of a 
lens is that point from which the rays, which in any particular case tra- 
verse it, appear to proceed. 

(13.) We have shown above that the effect produced by placing a prism 
in the path of a ray of light, is generally to cause that ray to take a 
direction which is inclined to the base of the prism. 

Let the dark outline of Fig. 113 represent the shape of a piece of glass. 
Then the triangles ABC, ADE, AMN, and the corresponding triangles 
A'B'C', A'D'E', A'MN, may be taken for six prisms, and, therefore, the 
six rays Pa, P6, Pc, Pa', P6', Pc', will all be refracted towards the 
line PP' ; and an experiment would show that all these rays would 
intersect each other in a point P' situate on the line PP', which line 
itself passes through the glass without undergoing refraction. 


A 



Now this figure has been so constructed that all the points A, B, D, M, 
D', B', A', are in the circumference of a circle ; also, the points A, C, B, 
N, E', O', A' are in the circumference of another circle. If these circles 
be described, then (omitting unnecessary lines) we shall have the figure 
shown in Fig. 114 ; a piece of glass whose transverse section corresponds 
to this figure is called a double-convex Una. The action of such a lens 
is to bring to a focus, as at P', all the rays falling upon it from a luminous 
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point P. In order to see clearly that this is so, the student must care- 
fully compare Figures 113 and 114. 

Arguing thus, from the properties of a prism, we have thus found that 
the action of a double-convex lens is to bring all the rays incident upon 
it from one point P, towards another point F situated on the opposite side 
of the lens. 


A 



(14.) Let us now investigate the subject in another manner, and see 
whether we obtain a confirmation of the results obtained. 

In Fig. 115 take the line PP', and with centre C describe the arc AaA'; 
also with C' as centre describe the arc Aa'A'. Then the figure Aa'A'aA 
may be taken to represent the transverse section of a double-convex lens, 
and the normals marked in the figure are ascertained as in Figs. 85, 86, 



Fig. 116. 

and 92. Then the ray P6' is refracted to the normal at b\ and conse- 
quently takes the course h'b ; at 6 it is refracted from the normal, and 
consequently takes the course 6P', 

The course of the ray Pd' cfP' can similarly be traced from the figure, 
and in this case, as **i Fig. 113, the effect of the lens is to cause both the 
rays to deviate towards the line PP'. 
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It is evident from tlie figure that an image of the point P will be formed 
at P' : this image will be a real one, because it is formed by the actual 
intersection of actual, though refracted, rays. 

N.B.-—JkA in the case of mirrors, the normals are drawn from the centres 
of curvatme. [See (2) page 82.] 

(15.) In Fig. 116, with centre C describe the arc hdfh\ and from centre 
C' describe the arc ada* ; describe the radii Ca and C V ; describe also 
the radii C6 and C6\ and produce them to B and Then the four lines 
C'a, C'a', fcB, and 6'B' are normals. 

An examination of the figure will then show that the ray Pa will be 
refracted into the course ab on entering the lens, and then into the course 
hB on leaving the lens. Similarly the ray Fa' proceeds first to 6' and 
then to F, 



Fig. 116. 


Also the ray CO', which is called the Principal Axis of the lens, 
passes through F. But the rays Pa, P'a' proceed to the lens in direc- 
tions parallel to CC'. Therefore, we have the three parallel rays Pa, 
P'a', and CC' all meeting in one focus F. We should also find that all 
other rays parallel with these and falling upon the lens would also be 
refracted to pass through F. Therefore F is called the principal focus 
of the lens, because it is that point on the principal axis through which 
pass all the rays that are incident upon the lens in directions parallel with 
that axis, OB ; since the positions are reversible, we may say that F is 
the principal focus of the lens, because all the rays (Fft, Fd', F6') which 
proceed from it to the lens are so refracted while parsing through the lens, 
as to leave it in directions which are parallel to its principal axis. 

Fig. 116 the lines Ch, Cd\ Cb\ O’ a, O’d, O' a’ are called 
Badii of Curvature, 

(16.) If now the points a and a' remain fixed, while the points P and P 
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are brought gradually nearer the principal axis, the point F will move 
gradually farther and farther to the right, till at last, when the lines 
Fa, F'a' cross each other at the point F', the lines 6F, 6'F will have 
separated themselves from the principal axis, and will have appeared ns 
rays leaving the lens parallel to that axis. We see, then, that as the lines 
aP, a'P' approach each other towards the left, the lines hF, 6'F separate 
from each other towards the right, and vice versd. 

(17.) In Fig. 117 the ray Pa is parallel with the principal axis, and is 
consequently refracted to F', the principal focus. And the ray Fa pro- 
ceeding from the other principal focus, F, leaves the lens as a'p, t.e., in 
a directiou parallel with the principal axis. Therefore the ray P'a, 
falling between Pa and Fa, will, on leaving the lens, pursue some such 
course as ap\ lying between dF' and oa'p. Also, the ray P"a, falling 
between P'a and Fa, will, on leaving the lens, pursue a course ap*\ lying 
between ap' and aa'p. Lastly, the ray P'"a, lying nearer the lens than Fa, 



will, on leaving the lens, take a course ap'" lying on that side of aa'p 
which is opposite to ap". In the diagram, the whole courses of these 
rays are separately indicated by distinctive lines, and the student will 
observe that as the point from which the ray proceeds is made to approach 
nearer and nearer to the lens, the direction of its refracted course (i.e., its 
course after leaving the lens) recedes furthei' and further from the principal 
axis. This law holds good for all cases in which convex lenses are 
employed. 

(18.) So far we have considered only the case in which the rays proceed 
from a single luminous point. Let us now consider the case in which the 
light proceeds from a luminous body of appreciable dimensions. 
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In Rig. 118 let the object AB be placed a little before F, the principal 
foout of the lens. In order to find the position of the image, join A to 
O, the optical centre of the lens, and produce AO indefinitely to A'. In 
A eimilar manner describe the line BOB'. These are Secondary Axes, 
and on these lines will the rays proceeding from A and B be respectively 
focussed. But in order to ascertain where all the rays leaving A will be 
focussed, it is only necessary to find where any one of them will cross its 
proper axis. Now we know that the ray Aw, parallel to FF', must pass 
through F' ; therefore joining w'F' and producing it in the same direction 
we cut AO A' at A'. Therefore an image of A will be formed at A'. 

In a similar manner we find that an image of B is formed at B' ; there* 
fore the image of AB is A'B'. 

We thus see that if an object^ AB, he placed immediately h^ore the 
principal focus of a double-convex lenSf the image there of A'B' is real, is 
inverted^ is larger than the object itself and is more distant from the lens. 



And as the positions of the object and its image are in all such cases 
interchangeable, it is clear-that if an object A'B' be placed befoi'e a double- 
convex lens at a convenient distance, a real and inverted image will be 
produced on the other side of the lens, not far from its principal focus, hut 
rather farther from the lens than is that focus. 

N,B . — In order to observe the images the observer must place his eye 
at the places of their formation, or he may place a white screen there, 
and then observe the image depicted upon it. 

(19.) In Fig. 119 the object AB is placed between the principal focus 
and the lens. We find that when the ray Am leaves the lens as w'F it 
pursues a course which will never bring it into contact with its own 
secondary axis, AO produced. But if this axis and the ray w'Fw" be 
produced backwards, that is, to the left, these two lines will meet at A'. 
Therefore the ray w'F, which really proceeds from A, appears to come 
from A' 
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In & similar manner, the ray n'F, which really comes from B, appears 
to come from B'. Therefore an image of the object AB is seen at A'B'. 
This image is virtwil because it is not formed by actual rays. It la, 
moreover, on the same side of the lens as is the object itself ; this alone 
is sufficient to proclaim its virtual character. 



From this figure, then, we see that if an object be placed between 
the principal focu$ of a double^convex lens and the lens itself an up- 
right, virtual image of that object will he formed at a gi'eater distance 
from the lens^ and this image will he considerably larger than the 
object itself; hence, a double-convex lens is frequently called a Simple 
Mici'oscope, 

(20, ) In Fig. 120 are represented five rays incident upon a double-concave 
lens, one of which proceeds along the principal axis, and therefore passes 
through the optical centre, and so emerges on the opposite side of the 
lens without change of direction. 



Fig, 120. 


In the case of the ray aa'a'V" its refraction at a' is towards the normal, 
at a" the refraction is from the normal. In both cases, however, the 
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effect of the refraction is to deflect the course of the ray away from the 
principal axis. 

A similar effect is produced in the cases of the remaining rays hVh”h"\ 
cc'c'V", ddfd"d!'', so that all the five rays appear to proceed from the 
point F. This point is therefore a virtual focus. It is also evidently one 
of principal foci of the lens, seeing that the rays to which it is the focus 
are those which fall on the lens parallel with the principal axis. 

N.B. — The normals in this, as in other cases, are drawn from the 
centres of curvature. [See (2) page 82.] 

(21.) In order to make himself thoroughly acquainted with the action 
of concave lenses the student should draw for himself a series of diagrams 
similar to those numbered 113 to 119 in this manual. We can only here 
find space for one of them, viz., the one which shows how the image of 
an object of sensible dimensions is produced by a concave mirror. 



Fig. 121. 


In Fig. 121 the point O is Che optical centre of the lens, F is its prin- 
cipal focus. Let it be required to find the image of the object AB. 

Join AO and BO ; then these are the secondary axes of the lens for the 
points A, B, respectively ; then all the rays emergent from A and incident 
on the lens must be focussed somewhere on AO, and, similarly, all those 
from B will be focussed somewhere on BO. Now, as shown in the 
diagram, the ray AA', which is one of the rays emergent from A, appears 
to pass through F; therefore the point of intersection, o, will be the 
position of the image of A. Similarly, h will be the position of the image 
of B. Therefore ah is the image of AB. This image is virtualf upiHgJd, 
and smaller than the object itself, 

J^.B , — It must be carefully noted that while the image produced by a 
convex lens may be either virtual or real, either upright or inverted, and 
either larger or smaller than the object; that produced by a concave 
lens is always virtual, always upright, and always smaller than the object. 
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(22.) The Maglo Lantern. 

In Fig. 122, B is a concave reflector fastened to the back of a tin box ; 
F is a lamp placed in the principal focus of B, and whose rays, therefore, 
leave B parallel to its principal axis (see flg. 98). These rays, as shown 
in the figure, are caught upon a convex lens, M, by which they are con- 
centrated upon a glass slide, whose faces are parallel and on which some 
coloured object — an arrow, AB — is depicted. 

Let F' be the principal focus of the lens M, and then let a double- 
convex lens, N, be placed rather to the right of F'; then the rays, instead 



of pursuing their courses, as shown by the dotted lines, will be so 
refracted as to form a larger and inverted image on a screen placed in 
the path of the rays to the left of N ; let this image be A"B". (Compare 
fig. 118.) 

Such an apparatus as this shown in Fig. 122 is called a magic lantern. 
It is evident that in using it the slide AB must be placed upside down, 
if an upright image of the object is to be produced. The front part of 
the apparatus— that is, that part which carries the lens, N — is con- 
structed after the manner of a telescope, so that we can slide it in or out 
according to the distance of the screen to the left. 

(23. ) The Refraction, of Sound. In Fig. 115 let a watch be placed at P, 
and let the double-convex lens be replaced by one of those thin india- 
rubber balloons which children use as toys. Then if this balloon be filled 
with carbonic acid gas, which is heavier than common air, it will act as a 
lens ; and it will then be found that there is a certain point on the right- 
hand side of the balloon, and situated on its principal axis, at which the 
sound is very distinctly audible, although it cannot be heard at points 
immediately above or below it, or to the right hand or to the left. 
Evidently, then, the sound waves are focussed at that particular point. 

If the lens be filled with hydrogen gas, which is much lighter than 
common air, it will not he possible to find this focus ; the light gas in 
this ease produces effects similar to those of a concave lens, and the 
virtual focus thus formed cannot, of course, be detected. 

(24. ) Spherloal Aberration of Lenses. As in treating of mirrors, so in 
treating of lenses, we have found it convenient to take for granted 
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certain things which are not exactly true. Among these we have assumed 
that all the rays incident in any particular case upon a spherical lens, 
are by it focussed to one point ; this is only true when the angle formed 
by joining the edges of the lens to its centre of curvature does not exceed 
12®. This angle is called the Aperture of the Lens; and when this aperture 
exceeds the limit abovementioned, the rays, instead of being focussed to 
one point, touch a curved surface called a Caustic, The cusp of this 
caustic is the point we have hitherto assumed as the focus. It will readily 
be understood that this caustic of refraction is closely allied to the caustic 
of reflection in the case of mirrors (Fig. 96), and that this spherical aherra- 
tion of a lensia also of a nature precisely similar to the 8phe7'ical aberration 
of a mirror previously treated of. 

23. Properties of Matter. In order to the better understanding of 
some of our succeeding remarks, it is necessary that we should here give 
a brief account of tlje more impoi*taiit properties of matter. 

(1.) Matter is porous — ?.e., it contains tiny spaces between the tiny 
particles which compose it ; for all matter, however hard and solid it 
may appear, is probably composed of very minute particles which do not 
actually touch each other. That matter is porous, is proved by this other 
fact that 

(2.) Matter is coinprcesihte — i.e., a given weight of matter, whether it 
be solid, liquid, or gaseous, is capable of being forced into a smaller space 
than that it was occupying. This is rendered possible by the existence 
of the pores or interspaces of which we just now spoke. 

(3.) Matter is elastic — i <?., when compressed into a smaller volume, it 
exerts a constant tendency to return to the volume it occupied before 
compression. This is, of course, an effect of the presence of heat, and 
probably other repulsive forces, acting between its particles (see page 7). 

(4.) The atoms of matter arv. impenetrable — i.c., no two atoms of matter 
can occupy the same point of space at the same moment of time. When 
a quart of hydrogen gas unites with a quart of chlorine gas, there is pro- 
duced owe, not two, quart of hydrochloric acid gas. This would at 3&rst 
appear to be contradictory to the impenetrability of matter, but it is 
explained by what we have already said of the porosity of matter. (See 
1, above.) 

(5.) Matter is divisible — f.c., a portion of matter can be broken up into 
parts which retain the characteristic properties of the whole. We see 
frequent oases of this ; perhaps the most striking is that of a grain of 
musk, which will scent a room for years and yet lose nothing appreciable 
of its weight. In this case the extreme minuteness of the tiny particles 
of the musk is beyond the power of imagination to conceive. 

(6.) Matter at rest will remain at rest, unless acted upon by some new 
force tending to set it in motion ; also, matter moving in a certain dire^- 

H 
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tion with a certain velocity, will continue to move in the same direction, 
and with the same velocity, unless it is acted upon by some new force, 
tending either to increase or diminish its velocity, or to propel it in the 
same or a different direction. This property of matter is called its 
Inertia, 

To this we may add that 

(7.) Matter is indestructible , — This is called the Conservation of Matter ^ 
and of it we shall proceed to treat more in detail. 
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CHAPTER IV. 

^THB conseuvation op matter (involving an account op the pheno- 
mena OF COMBUSTION, AND OP SOME OP THE PROPERTIES OF MATTER 
AND OP THEIR ADAPTATIONS IN THE CONSTRUCTION OP INSTRUMENTS). 

24. Tlie Conservation of Matter. To an uninstructed person the 
question, Whether or no can matter he destroyed V* would seem so easy 
to answer that the person asking it would appear to be trifling. Let us, 
however, pause awhile to consider whether this question is one quite so 
easy to answer as it at first appears to be. 

When a candle burns it certainly seems that matter is destroyed, 
yet when wo come closely to reason about it we are sadly puzzled to 
understand how that can actually be. The question which bothers us is 
this, “// here was a candle one hour agOy where is that candle now J ” Tlie 
confident person, who replies, *^Oh/ it is destroyed P' gives an answer 
with which people had long to be content. But the more we think about 
it, the more difficult we find it to be to understand what is the exact 
signification of the word '^destroyed." Then, to overcome this difficulty, 
the word annihilation was invented, which signifies ^^rought to nothing^ 
but this did not really help to solve the difficulty, for it then became 
necessary to show how something could be brought to nothing. If I am 
rich my riches can be brought to nothing, so far as I am concernedy by 
taking them from me, but still my goods exist somewhere; true they 
have been taken from me, yet equally truly they have gone to some one 
else. Thus the attempted solution of the difficulty only continued to 
land inquirers in another equally awkward. But I fancy I hear now a 
confident and impulsive reader remark, “TTait a momenty the difficulty is 
not so great after all; suppose your wealthy like Antonio' Sy to consist of 
ships with cargoes ; if those ships be burned at «ca, theri your wealth has 
been lUerally brought to nothing,'' To which comes the obvious reply 
that that simply brings us back to where we were before, for what we 
want to know is, How can something be brought to nothing I Truly the 
ships have disappeared y but to where are they gone? for evei^y attempt to 
understand their disappearance from one placcy except by their removal to 
other places, involves us in a peipeiual round of difficulties," 

Arguing in this way, men had long learned to doubt the possibility of 
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matter being really brought to nothing, annihilated; and at last che^ 
miatry came in to confirm and settle this doubt by showing that in many 
cases the apparent destruction of matter is certainly only its conversion 
into new states. For example, when a candle burns, its solid parts, being 
exposed to the heat of the flame, are first melted into the liquid state and 
then further converted into the gaseous condition. Of the gaseous elements 
to which the substance of the candle has now been reduced, the chief one 
consists of two gases called hydrogen and carbon ; hence a candle is some- 
times called a hydro-carbon. The preparation of hydrogen has been 
already shown (Fig. 33). If a light be put to a jar of it, and access of 
air be permitted to it, it burns with a bluish Jlame, and if the jar in which 
it has burned be examined after the gas has burned away, it will be 
found to be covered with tiny drops of water. This tvatcr has been pro- 
duced by the union of the hydrogen with some of the oxygen of the air. 

Carbon is but another name for charcoal. If a piece of charcoal be 
heated to redness and exposed to the air, it at once begins also to join 
itself to the oxygen of the air, and thus forms a new substance called 
Carbonic Anhydride., or, as it is more usually colled, Catbonic Acid Gas. 

The same things happen to the hydrogen and the carbon when a candle 
bums in air or in oxygen, that we have just described as happening to 
them separately. In each case the surrounding oxygen rushes towards 
tlie gases of the candle with intense eagerness, and those atoms of oxygen 
which first arrive tliere, having their choice of combining with the 
hydrogen or the caibon, prefer the former, and thus water is formed; the 
carbon meanwhile has been set free, and now exists uncombined in the 
form of veiy minute solid particles. But the heat produced by the 
union of oxygen and hydrogen is most intense ; to this heat the carbon 
particles are now exposed and are tlius rendered white hot ; it is to the 
light shed by these glowing particles that the light of tho candle is due. 
Presently, however, further supplies of oxygen flow in, and these, uniting 
with the heated carbon particles, give use to the formation of carbonic 
anhydride. The particles of the candle, then, have not been annihilated ; 
they have simply gone to form new compounds, viz., water and carbonic 
anhydride. The same things occur when wood, or coal, or oil, or common 
gas, burns in air or in oxygen. 

In Fig. 123 we have represented a candle burning, and we have shown 
the three cones or mantles of which its flame consists; viz., (1) an inner 
cone of unburnt gases ; (2) a central luminous cone ; (3) an outer dark 
cone. That the inner cone consists of unburnt gases may be shown by 
placing one end of a piece of bent glass tubing therein (see fig.) and apply- 
ing a light to the other end, a flame is then produced which differs from 
the candle flame only in being smaller. That the central cone contains 
unbumt carbon may be shown by taking a clean white saucer and gradually 
lowering it upon thO candle flame till it comes well into the middle cone ; 
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if ife be fcben removed and examined, it will be seen to be covered with a 
black deposit ; this is carbon, and it has been deposited upon the saucer 
because this vessel was cold. Here, then, we get hlack carbon from a 
white candle. 

It will thus be seen that there is no destruction of matter when a 
candle bums ; what really takes place is, that the elements of which the 
candle is composed combine with the oxygen of the atmosphere and give 
rise to the new compounds water and carbonic anhydride. 



Jet burning at end of glass tubing. 

Dark Outer Cone (Carbon uniting with Oxygen).^, 


Luminous Cone (Hydrogen uniting with Oxygen; Carbon 
rendered ineaudescent). 

Cone of Unburnt Gases (Hydrogen and Carbon) 

Wick. 


Fig. 123. 


We have said above that the formation of the carbonic anhydride is 
delayed till after that of the water, because oxygen is not present in suffi- 
cient quantities to use up the hydrogen and the carbon at once. Wo 
have also stated th.at the luminosity of the candle is due to the presence 
of unburnt carbon in the state of minute solid particles. From this we 
may assume — 

Ist. That if it be possible by any means to supply oxygen in greater 
quantity to a burning candle, the combustion of the carbon and the 
hydrogen should both take place at the same time ; and 

2d. That, under tliese circumstances, as there will be no solid present 
in the flame, that flame will be non-luniinous. 

These two statements may be shown to be true thus : — 

In Fig. 124 A'A is a small iron tube, the bottom part of which is cut 
into the form of a screw. In this part of it is an opening, B. This screw 
works into the tube C, and its aperture B may be thus brought to coin- 
cide with the other aperture, D. It is thus possible for air to enter at 
D, pass through B, and emerge again at A'. By giving the tube A'A a 
half turn inside 0, it is also possible to close the aperture D and thus 
prevent the access of air. 

While the aperture is closed the gas which flows out at A' will bum 
with a luminous flame ; but if the aperture be opened the flame will be 
a dark one, scarcely visible, but emitting intense heat. The explanation 
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is, that when air is allowed to enter and mingle with the coal gas, the 
combustion which takes place at A' is complete and rapid ; the carbon 

and the hydrogen being at once com- 
bined with the oxygen, there is no 
solid present in the flame, which is 
5 therefore n on-luminous, but if some 

I hAm i * steel filings be dropped through the 

i 'l jl I flame these at once become incande- 

" ' ™ ■ scent, and sparkle and dance in the 

flame like tiny stars. 

Such an instrument as that shown in 
Fig. 124 is called a Bunsen^s Burner, 

25. Animal Heat. If a little quick- 
lime be dissolved in water and then 
allowed to stand quietly for some 
minutes, a clear liquid called Zdme 
Water may be poured off. Now when- 
ever carbonic anhydride comes into 
contact with clear lime 'water, the 
lime water is rendered milky in 
appearance. This effect is due to the 
production in the water of a great 
number of tiny particles of chalk : 
hence chalk is called a Carbonate of 
Idme, because it consists of a combina- 
tion of lime and carbonic anhydride. 
Now take a deep vessel, such as that represented in Fig. 82, and having 
put a lighted candle in it, place a piece of cardboard or an old book on 
the top of it, to prevent the escape of the gases which are produced by 
the combustion of the candle. After a while the light will go out, 
because all the oxygen which was in the vessel has 
been consumed. Now quickly, but not roughly, 
remove the caudle, pour into the vessel a quantity 
of lime water and shake it up ; jt will become turbid 
(milky) thus proving that carbonic anhydride is 
produced by a burning candle. The same effect 
would be produced by burning wood or charcoal, 
or oil or gas, or any other hydro-carbon. 

Now if a person take a piece of bent tubing and 
blow through it into a vessel of clear lime water 
(Fig. 125), it will be seen gradually to grow milky, 
from which it is clear that air breathed from our lungs contains carbonic 
anhydiide. 



Fig. 124. 



Fig. 126. 
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Again, it has been stated that toater is produced when a candle or other 
hydro-carbon burns in air or in pure oxygen ; that such is the case may 
easily be shown by holding a tumbler or other cold glass vessel over one 
of these burning bodies ; then the water, which is produced in the gaseous 
form, i.c., as invisible steam, becomes condensed into tiny water-drops 
upon the cold inside of the tumbler. In the same way, if a person blow 
against a cold piece of glass, water-drops are formed and collect upon it. 
“We can now understand why it is that the window-panes in churches, 
chapels, and lecture-rooms become covered with water-drops during 
meetings. Also, the curious figures which we find on our windows on 
frosty mornings we can now understand to be the watery vapour breathed 
out by the sleei)ers, which has been first condensed to water on the 
window-panes, and then frozen into the icy and fantastic figures that 
Jack Frost delights to trace. 

When a piece of wood is exposed to heat gases are driven off from it 
and it gi’adually turns black, and is then called Wood Charcoal. Also, 
when a piece of meat is roasted too long, we find it turns black also and 
forms Animal Charcoal. Both these substances wheu burned give rise 
to carbonic anhydride. Seeing, then, that the body consists in great part 
of flesh, and that this flesh contains a great deal of carbon (f.c., charcoal), 
it would seem natural to suppose that the carbonic anhydride which is 
exhaled by our lungs is produced by the combustion of the carbon of the 
body. This is really the truth of the matter, as we shall now proceed to 
show. 

It has been already remarked that oxygen has a greater “ ” for 

hydrogen than for carbon. This “ liking ” of certain bodies in nature for 
others is called Affinity. Some bodies have this affinity in a very high 
degree and exert it towards a great number of bodies ; others possess it, 
but in smaller degree, or only with regard to a very limited number of 
bodies. Oxygen is one of* those substances whose affinity is both great 
and far extended, for it unites with almost every chemical element which 
has yet been discovered. Now if we could for a moment imagine each 
tiny atom of oxygen to be endowed with life and feeling, then we should 
see at a glance how these tiny lovers would eagerly fly to meet those 
other atoms of some other element, say carbon, for which oxygen has a 
great liking. But everybody knows that when two substances clash 
together heat is produced ; consequently when a multitude of atoms of 
oxygen fly at a swift pace to meet a multitude of atoms of carbon, the 
effect of their encountering each other must be to develop heat ; such 
heat is called the Heat of Combustion, In this way, then, the heat of a 
candle, of a gas light, and of burning fuel is produced. And in a similar 
manner is produced the heat of an animal’s body, for the oxygen of the air, 
which is breathed into the lungs, penetrates into the blood vessels of the 
body, and there unites with certain particles of hydro-carbons which the 
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blood gathers up in its course through the body, and which are the waste 
products of the muscles (i.c., the lean flesh) of the body ; thus are formed 
both water and carbonic anhydride, and these two substances being 
carried to the lungs are there breathed out. In this way, also, that heat 
is produced which is so necessary to the maintenance of animal life. 

From what we have now said the student will perceive the truth of 
what we have said on page 26, that the manner in which a candle burns 
is very similar to the burning of what has been aptly termed the Lamp 
of Life in man and other animals. It only remains to say that the 
circumstances under which a candle goes out are also those under which 
an animal dies. For example, as we have already stated, a candle goes 
out when immersed in the carbonic anhydride which is the product of 
its own combustion ; in the same way an animal dies when surrounded 
by the carbonic anhydride produced by the functions of its own life. 

26. Definition of Combustion. Because of the fact that oxygen is 
present in nearly every case of combustion with which we meet in our 
everyday life, this gas has been called the Supporter of Combustion. 
There are cases, however, in which combustion takes place without the 
presence of oxygen. Before going further, however, we had better state 
formally what we understaiid by combustion. Let it then be understood 
that, as used scientifically, the fcm combustion signifies the act of com- 
bination of two or more chemical substances giving rise to heat and accom- 
panied in most cases by the evolution of light. 

If we take a soda-water bottle filled with equal quantities of hydrogen 
and chlorine and apply a light to the mouth of it, these gases will unite 
with a loud explosion accompanied by heat and a distinct flash of light. 
Here is an instance of combustion in which oxygen is not concerned. 

27. Combostlon of tbe Diamond. The diamond is an exceedingly 
hard substance, and long defied all attempts made to burn it. Sir Isaac 
Newton, however, knowing its high refractive power for light, and 
noticing that such substances were usually compounds of carbon, pre. 
dieted that if ever it was found possible to burn it, it would be found 
to be a carbon compound. Since then the diamond has been submitted 
to the heat of the electric arc, and when so treated it swells up into a 
black opaque muss of coke, thus proving the truth of Newton’s predic- 
tion. Further, when heated to redness and then plunged into a jar of 
pure oxygen, it glows with white light like a star and produces carbonic 
anhydride. It is now certain that the diamond is the purest form of 
crystallised carbon yet known. 

Xf,B , — Sugar also consists almost entirely of carbon and water ; hence, 
if a thick syrup of sugar be made and then a sufficient quantity of 
sulphuric acid be added to it, this acid abscubs the water of the sugar 
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and thuB separates it from the carbon, which now swells np in a black 
spongy mass. Sugar is thus one of the means by which carbon is supplied 
to the body for its nourishnient. 

28. The Expansion of Matter is the direct opposite of its compression ; 
for if by the action of certain forces a quantity of matter can be caused to 
occupy a smaller volume, it is clear that the effect of forces acting in 
directions opposite to the former will be to cause that matter to expand 
and thus to -fill a greater volume. AVe have already stated that heat acts 
generally as an expansive force, and of this we will now give some 
familiar instances. 

(1.) Heat causes SOLIDS to expand {andy therefore y cold causes them 
to contract). 

a. In constructing railways and laying down lines for tram-cars, care 
is taken to leave spaces between the ends of the rails. If this precau- 
tion were neglected the effect would be that in the heat of summer the 
rails having expanded would bulge out and the trains would be thrown 
off the rails. 

b. Get a ring of iron or brass, or any other metal, just large enough 
to allow an iron or brass ball to drop through it when cold. Then 
heat this ball, and it will be found to have so increased in volume that 
it will not now pass through the ring. If weighed, however, it will 
be found to be no heavier when hot than it is wjien cold. 

c Fig. 126 represents an apparatus of iron having a heated iron rod 
AB passed through holes in i(s upright portions. The end B has a hole 


A 


Fig. 126 . 

in it, through which is passed a small cast-iron rod C. The end A 
carries a nut, and while the rod is still hot this nut is screwed up close, 
and the rod is thus firmly fixed between the two upright portions of the 
apparatus. As the rod now cools it ten<l8 to contract, and this tendency 
becomes at last so great that the rod 0 is broken by the contracting 
force. 

d. In Fig. 127 is represented a metal rod, the end of which is firmly 
^ secured in a pillar at A, while the other end rests against one end of an 
indicator BI. Beneath the rod is a brass trough, in which n quantity of 
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alcohal burns. As the rod AB graduaUy gets hotter under the influence 
of the burning alcohol, it expands, and as it cannot expand towards A, it 



does so towards B, and in this way pushes the indicator round the 
graduated arc on wliich the end I points. 

By taking the temperature of the rod before and after heating it, we 
are able to note the number of degrees through which the indicator 
travels to mark an increase of one centigrade degree in the heat of the 
rod. Thus by taking the rod AB of difleient metals, wo are able to 
note for each the number of degrees on the graduated arc, which indicate 
an increase of one degree iu the heat of each rod, and thus we can com- 
pare the effects produced in them by an equal increase of temperature. 

Now if E represent the expansion produced in any rod of metal by an 
increase of one degree centigrade in its temperature, and R represent the 

E 

length of that rod before expansion, then the fraction g is called the 

Ooeffident of Expansion for that metal. 

g We thus see that the Coefficient of Linear Ex- 
pansion of any metal is a fraction which repre- 
sents the ratio which exists between the amount 
of length gained by a rod of that metal while 
gaining one degi'ee of temperature and its original 
length before expansion. 

i^.B.—ExpauBion, as will be seen presently, is 
not only linear^ it is also superficial and cubical. 

Fig. 128 , represent a perfect cube, and let 

this cube be heated to one degree centigrade above its present tem- 
perature, and let db be one foot long before expansion. Then if K 
represent the linear expansion (expressed as the fraction of a foot), it 
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is evident that -j- — i.e., K— represents also the coefficient of linear expan^ 
sion. 

Therefore, since ah now — 1 4- K, it is clear that be also = 1 + K ; 
the area abed = (1 + K) (1 + K) =■-- (1 + K)^ 1 + 2 K + 

but, since K is a very small fraction^ is infinitely smaller ; we may 
therefore neglect it, and say that the area ahedy which was originally 
1 sq. ft., is now (1 4- 2 K) sq. ft. In other words, it has gained 2 K sq. ft. 
Therefore, the Coefficient of Superficial Expansion is 



t.e., twice the coefficient of linear expansion. 

Again, if ah and he have each gained K, it is evident that ce will also 
have gained the same, and therefore the cubic content of this solid, which 
originally was 1 cub. ft., will now be (1 4- K^) cub. ft.; i.e,, 

(14-3K4-3K2 4-Iv‘) cub. ft. 

But, as before, 3 and are such infinitely small numbers that we 
may neglect them, Th is we say that the volume 1 cub. ft. has expanded 
to become (1 4- 3 K) cub, ft.; i.e., it has gained 3 K cub. ft. 

Thus, then, the Coefficient of Cubical Expansion is 


i.e.y three times that of the linear expansion. 

The coefficients of linear expansion of the following substances should 
be remembered by the student i — 

Silver, . . 0 000019097 Iron (cast), , 0*000011250 

Gold, . . 0-0000M660 Glass, . . 0 000008613 

Platinum, . 0 000008842 Brass, . . 0*000018782 

It will be noticed that the coefficients for platinum and glass are very 
nearly the same ; it thus becomes possible to fuse together these two 
substances, for their rates of expansion and contraction being thus prac- 
tically the same, the glass does not crack when th© cooling takes place. 
If their coefficients did differ in any appreciable degree, there would be a 
breaking of the glass, occasioned either by its being pulled inwards or 
being thrust outwards by the platinum. 
e. Breguet's Metallic Thermometer, 

As stated above, the coefficient of expansion of brass is considerably 
greater than that of iron ; consequently if a strip of one of these metals 
be riveted to a strip of the other of the same length, and these be then 
heated, the combined strip becomes bent into a curve having the iron on 
the inside. On the contrary, if the compound strip be submitted to the 
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action of cold, the strip will become bent with the brass on the inside. In 
both cases, of course, tiie shorter of the two strips occupies the inside. 

Advantage is taken of this in the construction of what is called Breguet's 
Metallic 'Tka'monieter. 

In the list of coefficients given above it will be seen that gold occupies 
an intermediate position between silver and platinum, being less expan- 
sible than silver and more expansiblo 
than platinum — that is, under tho 
induence of heat. 

If, then, a strip of each of these 
metals be rolled out to a very thin 
“ribbon,” and then an equal length 
of oaoh of these be taken, fastened 
together, and coiled in a spiial form 
with the silver inside, the platinum 
outside, and the gold between them, 
and then be adjusted as in Fig. 129, 
with an index at the bottom, we 
shall have an instrument by means 
of which changes of temjieratuie 
will be indicated ; for an increase of 
temperature will serve to uncoil tho 
spiial, while a deciease will serve to coil it more closely, and as the 
spiral winds or unwinds itself it moves the index over the graduated 
circle beneath it. Such an instrument is known as BvegueCs Metallic 
Therrnonietei'. 

f. The Gridiron Pendulum. 

TThen the iiendulum of a clock is made longer it is found that it beats 
slower, and the clock loses time ; and, vice versd^ when the pendulum is 
shortened the boats become quicker, and tbe clock gains time. 

Therefore, in summei an ordinary clock will lose time because of tho 
expansion of the pendulum rod, such expansion being due to the greater 
heat of summer over that of the average temperature. And, on the 
other hand, such a clock will gain time in winter because of the contrac- 
tion of the pendulum rod. 

It is easy to conceive that this is a great nuisance, and in order to 
remedy it several kinds of compensation pendulums have been invented, 
one of which is known as Harrison's Gridiron Pendulum ^ which we will 
now describe. 

In Fig. 130, which is the plan of a Gridiron Pendulum, the rods 
marked S are all of steel, those marked B are all of brass ; the length of 
the pendulum is measured from P to the centre of the bob 0. When the 
atmospheric temperature rises ell these rods expand, and it will be seen 
that whereas the elongation of the steel rods tends to lower the position 
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of the point p', that of the brass rods tends to raise it. But as the 
coefficient of expansion of brass is greater than that of steel, it is possible 
to choose these rods of such lengths that the expansion of the steel shall 
be counteracted by that of the brass, and thus to keep the length PC a 
constant quantity. The clock is thus prevented from 
losing time. When the temperature falls, the contrac- 
tions similarly are equal ; and thus the clock is pre- 
vented from gaining time. 

N.B* — It should be added that the rod p'C passes 
through the two cross bars aa and hh. 

(2.) Heat causes LIQUIDS to expand {and there- 
fore cold causes them to contract)^ 

In Fig. 131 is represented a flask, in the mouth of 
which a cork is inserted. Through this cork a long 
glass tube is fitted ; both tube and cork must fit very 
closely indeed. Let the whole be filled with water at 
HU ordinary temperature. Then if the flask be heated 
(by being held between the hands, or by being plunged 
into warm water, or by means of a spirit lamp), the 
level of the liquid at a will first sink. This is because 
the heat first causes the glass of the flask to expand, 
and thus increases the volume of the flask. Soon, 
however, the heat reaches the water in the flask, 
which water then expands ; and as a consequence the 
level a again rises, and that to a point much higher 
than the one at which it originally stood. If the heat 
be supplied by a lamp and be long continued, the 
generation of steam will begin, and then the experi- 
ment will be dangerous, because of the narrowness of 
the tube which foims its outlet ; most likely the cork and the tube will 
fly out with an explosion. 

If, instead of heating the apparatus, we had placed it in a freezing 
mixture, the level a would have descended steadily till the temperature 
of the liquid in the flask was at 4® O. It would then be found to rise 
again gradually till 0® C. was reached, i.e., till freezing began to take 
place ; at this point a sudden and consid&i'ahlt expansion toould take place. 
Here is a case, then, in which a body expands when cooling; which is, of 
oouwe, contrary to what usually occurs. The cause of it is supposed to 
be that the particles of the water re-arrange themselves just at this 
moment in such a manner as to leave unusually large spaces between 
them. That a re-arrangement does take place is easily shown by means 
of th6 electric lamp, but we have not space to describe it here. 

"Water is the principal, but not the only, body which exp-^nds in the 
act of solidification. Cast iron, bismuth, and antimony also expand 
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when solidifying; and we thus see that the law that matter expands 
under the influence of increased temperature is not a fundamental one, 
for it is true only in particular cases, though those cases are so numerous 
as to be well-nigh universaL Not so with the law of the Conservation of 
Matter; to that law there is no exception, nor does 
1 it appear that in the nature of things there can 

be any exception to it. Matter may be solid, or 
liquid, or gaseous ; it may consist of simple 
elements, as oxygen, or mixed elements, as atmo- 
spheric air, or compound substances, os water ; it may 
be firm and solid, as it is in iron or stone ; it may be 
yielding and soft, as in clay or mud ; it may be 
heavy, as gold, and it may be light, as hydrogen ; 
it may be black, as coal, and it may be white, as 
chalk ; it may be opaque, as the solid rock, and it 
may be transparent and invisible, as steam and 
oxygen and hydrogen ; it may, and in fact does, 
undergo a thousand transformations, but is yet 
never lost to nature; an atom thereof is never 
destroyed, whether it be an atom of the inanimate 
dust, or of the more highly organised plant, or the 
fully developed animal, as in man; transmuted, 
dissipated through space it may be, but lost, ap- 
parently, it never can be. 

Whenever there is such an accumulation of coincidences as to enable 
us to establish an almost universal law, there is, of course, a principle in 
nature by which these coincidences can be explained. In the case before 
us, the explanation is that bodies in the act of solidifying re-arrange 
their particles {i.e., they crystallise), and they usually so re-arrange 
them as to occupy less space than they did in the liquid state ; but in 
some few cases the re-arranged particles require more room than they 
did before solidification. It is interesting to notice that in many cases 
this departure of Nature from an almost universal course of proceeding 
is of inestimable benefit to man, though sometimes this benefit is not 
unaccompanied by inconveniences. Such is the case with water, for 
since water expands in freezing, it follows that a pound of ice has h 
greater volume than a pound of cold water; in other words, ice is lighter, 
volume for volume, than cold water, therefore ice floats on cold water 
(Fig. 9). Now ice is a remarkably bad conductor of heat, therefore when 
once a sheet of ice has formed upon the surface of a body of water, it 
forms a shield from the cold to the water below it, for it prevents the 
rapid radiation of heat from that water. If ice were heavier than water 
it would sink as soon as it was formed, and the consequence would be 
that the whole body of the water, beipg exposed to the cold air above 
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and the ice below, would soon be frozen ; and this freezing would pro- 
ceed upwards, for each sheet of ice would sink as soon as it formed. 
The consequence would be a total destruction ot all the fish, and prob- 
ably of all the plants, that now live in water. 

It has been already stated that 4“ C. is the exact temperature at which 
water ceases to contract in bulk ; this temperature is therefore called the 
Point of the Maximum Density of Water— t.c., the point at which any 
given volume of water is heaviest. That this point is so near the freezing- 
point (i.e., 0® C.) is a further benefit to mankind, for till the whole of a 
body of water has been reduced to this temperature no freezing at all can 
take place. As soon as the uppermost layer of water attains this tem- 
perature it at once sinks, because it is then heavier than at any other 
time ; and thus before any freezing at all occurs, all the water from the 
lowest depths must have been brought to the surface and reduced to that 
low degree of temperature. Had 8® C. been the point of maximum 
density of water, the congelation of its surface would have become pos- 
sible as soon as the lower layers had fallen to 8® C., instead of to 4® 0. ; 
in other words, the congelation of water would have set in sooner. 

The expansion of water in freezing has been shown to be of benefit to 
man, in tending to preserve for him the fish and water-plants he desires 
to keep; it is also of some slight inconvenience to him, because of the 
bursting of his water-pipes in frosty weather. This is due to the action 
of the water as it expands into ice. Of course the mischief is not per- 
ceived when it is done ; it is not till the thaw comes that these “bursts ’* 
are perceived, because it is not till then that the ice in the pipes is 
re-converted into water. 

(3.) That Heat causes GASES also to expand has been already shown 
(Fig. 21) ; it only remains for us to mention here an exception to the 
ordinary rule for the expansion of gases. 

It is found by experiment that when almost any gas is made 1® C. 
hotter, it gains ^^-5 of its former volume ; therefore (or *00366) is the 
coefficient of expansion of gases. It is to be carefully noted that this 
coefficient is the same for nearly all gases ; and the reason apparently is 
that whereas in solids and liquids any additional heat which may be 
supplied to a body occupies itself partly in overcoming its attractive 
forces and partly in increasing the actual distances between its particles, 
in true gases it has only the latter of these functions to perform. 

Let the following table of coefficients of Oases be carefully exa- 


mined : — 

Hydrogen^ 



0 00366 

Air, 

• 

. 

0 00367 

Carbonic Anhydride, . 

• 

• 

0*00371 

Sulphurous Anhydride, 

. 

. 

. 000390 
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and it will be noted that the first two of these gases have the ordinary 
coefiBcient of expansion, hut the last two have higher coefficients. Now 
we see from the following table of coefficients of expansion of Liquidi, 
that that of 

Water is .... . 0*0466 

Alcohol „ . . . . .0*116 

Mercury ..... 0*01543 

So that this coefficient is greater for liquids than for gases. 

It has therefore been considered — 

Ist. That the reason why tlie coefficients of carbonic auhydHde and 
sulphurom anhydride are greater than those of hydrogen and most other 
gases or gaseous mixtures, is that the former are not pure gases, but are 
rather gaseous compounds, and are by nature inclined rather to the 
liquid than to the purely gaseous form. As we have already stated, 
carbonic anhydride is a compound of carbon and oxygen ; sulpkurotts 
anhydride is similarly a compound of sulphur and oxygen, being formed 
when sulphur burns in air or in oxygen. 

Whenever, then, we see a piece of carbon burning with its bright 
clear light in a Jar of oxygen, or burning with less brilliancy in common 
atmospheric air, and whenever we see a piece of sulphur (brimstone) 
burning with its beautiful pale blue light, there is a consumption of solid 
matter going on, but the destruction of that matter is only apparent^ it 
is not real. The particles of the carbon or the sulphur are but gone to 
form a new and invisible compound gas, and the compound nature 
thereof cannot altogether be hidden from observation, hut is seen and 
noticed by scientific eyes trained to observe its symptoms, of which 
symptoms we have already shown that one is the greater numerical value 
of its coefficient of expansion. 

2d. That gases may, therefore, be roughly divided into two classes ; of 
which one class embraces those bodies whose coefficients of expansion are 
0*00366 or thereabout, and the other class includes all those bodies 
whose coefficients differ considerably from 0 00366. The first class are 
most purely elementary bodies, and are sometimes called Real Gases; 
the others are generally compound bodies, and include what are usually 
called Vapours. 



( 129 ) 


CHAPTER V. 

THERMOMETERS: THEIR PRINCIPLES, CONSTRUCTION, AND USES. 

29. The student is now in a position to realise the necessity foi these 
useful instruments, and also the manner of their construction. 

A Thermometer is an instrument for measuring the temperatures of 
bodies. "When a body is hot, we say it has a high temperature ; when it 
is cold, we say it has a loio temperature. Consequently, when'a body is 
becoming hotter, we say that its temperature is rising / when it is becom- 
ing cooler, we say that its temperature is falling. 

Now seeing that solids, liquids, and gases all expand under the 
influence of heat, and contract when cooled, it might be thought that 
thermometers could easily be constructed of a solid, a liquid, or a gas, 
just as we chose. But in i)ractice it is found that the expansions of a 
solid are too small to be easily noted, while those of a gas are too great 
and are influenced by the pressure of the atmosphere. Liquids are there' 
fore usually employed in the construction of thermometers. 

But all liquids are not equally suitable for this purpose, as the student 
will be able to gather from the following reasons which are given for the 
adoption of mercury (quicksilver). Mercury is preferred because — 

Ist. It rapidly assumes the temperature of bodies with which it is 
brought into contact. 

2d. It expands regularly as its temperature increases. 

3d. It is opaque, and is therefore easily seen in small tubes. 

4th. It does not wet the glass containing it. 

6fch. It does not readily become gaseous or solid, for its boiling-point 
is higher than that of lead, and it never freezes in Western or 
Central Europe. 

N.B, — In ranking scientific experiments alcohol thermometers are 
much used, because alcohol remains liquid at those very low 
temperatures at which meroury freezes. 

A thermometer usually consists of a thin glass tube at one end of 
which a bulb has been blown. This bulb and the greater portion of the 
tube is filled with mercury (or alcohol, as the case may be). The upper 
portion of the tube is a vacuum. (See Fig. 132.) 

I 
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Let tLe level of the mercury at any moment stand at A ; 
then, if the temperature rise, the mercury will expand and 
rise above A in the tube ; if the temperature fall, the 
mercury will contract and full below A in the tube. 

That this instrument may be fit for indicating the tern* 
perature at any moment it is necessary to graduate it, 
t.e., to divide its stem into steps (called degi'ctb), and to 
number these according to an established system ; so that, 
all thermometers being numbered alike, the same tem- 
perature may be in every case indicated by the same 
number of degrees of the thermometer. 

In order to j)erform this graduation it is necessary to 
choose two invariable temperatures; these having been 
marked on the thermometer, the distance between them 
is then divided into an equal number of spaces, called 
degrees ; and these having been numbered, the graduation 
is then so far complete. 

(i.) The Centigrade Thermometer. 

We will illustrate these remarks by describing the gra- 
duation of the centigrade thermometer shown in Fig. 132. 
At the same time, we recommend the student to obtain 
one of these instruments and examine it by aid of what 
here follows. 

The point F.P. is the first of the fixed invariable points 
selected in graduating this thermometer ; it is the freezing^ 
point of water y or, which is the same thing, it is the melting- 
point of tee. In order to find this point the instrument 
is plunged into a vessel containing pounded ice in the act 
of melting, and as soon as the mercury ceases to sink in 
the tube, the point F.P. {freezing-point)^ at which it then 
stands, is marked on the thermometer. 

The point B.P. is the second of the fixed invariable 
points selected ; it is the hoi’ing -point of water. In order 
to find this point the instrument is placed in the steam of 
boiling water, for such steam has the same temperature 
as the boiling water. As soon as the mercury becomes 
stationary the point B.P. {boiling-point) is marked on the 
instrument. 

These two points having been found, the first of them is 
marked 0® (Zero), and the second is marked 100®. The 
distance between them is divided into 100 grades or steps 
(called degrees ) ; this graduation is continued above the 
100® and below the ZerOy and the instrument is complete. 
Buoh an instrument as this is called a Centigrade Ther* 
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mometer, because iBere are one himdred grades (or stepa) between iti 
freezing and its boiling points. 

It is also sometimes called ths Celsius Thermomdier, because it was first 
made by a Frenchman named Celsius. This is the thermometer most in 
use among men of science ; there are two others also in use, and these 
we will now shortly describe. 

(ii) E^aumur'B Thermometer. This differs from the Centigrade ther? 
mometer in the number affixed to its boiling-point. Reaumur chose to 
call it 80®; while, as we have already shown, Celsius called his 100®. 
They both called the freezing-point of water 0®. 

(iii.) The Fahrenheit Thermometer takes 212® as its boiling-point, 32® 
as its freezing-point, and its zero is therefore 32® below its freezing-point. 
This thermometer receives its name from its constructor Fahrenheit. At 
the time of its adoption it was supposed that the cold produced by mixing 
together equal weights of sal ammoniac ^mmonic chloride) and snow was 
the utmost cold that could be obtained ; the temperature produced by 
such a mixture was therefore selected for the zero of Fahrenheit’s 
thermometer. 


30. Conversioxi of the Readlngns of one of these Thermometers Into 
Readings of the othera 

As we have already stated, the Centigrade thermometer is the one in 
most general use ; in England, in Holland, and in North America, how- 
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ever, Fahrenheit’s is still much in use ; in Germany Reaumur’s is used. 
It becomes necessary, therefore, to show how the reading of one of these 
thermometers may be expressed as a reading on either of the others. 
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Let Fig. 133 represent three thermometers exactly alike, but graduated 
according to the three different systems, and let it be required to find 
what the readings corresponding to 40“ C. will bo on the K^umur and 
Fahrenheit thermometers respectively. 

From the figure we find that the distances between the freezing and 
the boiling points are the same in all three thermometers, but that this 
distance is divided into 100 steps in the Centigrade, 80 in the Reaumur, 
and 180 in the Fahrenheit thermometer ; so that we get — 

100 gCep8 Centigrade = 80 steps lUaumur = 180 steps Fahrenheit^ 
which may be more conveniently written thus — 

100 steps C. = 80 steps M. = 180 steps F, ; 
therefore, dividing by 100, we get — 

1 step C. step R, = f step F» ; 

6 5 

therefore, multiplying by 40, we get — 

40 itepi C. = ^ slept R. = steps F. ; 

5 5 

= 32 steps R. =■ 72 steps F, 

But (i) in the Riaumur thermometer the numbering of the steps begins 
at the same temperature as in the Centigrade; tlierefoie, the 32d step 
from the freezing-point will be called number 32, i.e., 32® 

40® C. 32“ R. 

(ii.) In the Fahrenheit thermometer, however, the numbering of the 
steps begins 32 steps sooner than in the Centigrade ; therefore, in Fahren- 
heit’s thermometer, the 72d step above the freezing-point is called 
number (32 + 72, i.e ) 104 

40“ C. =104“ F. 

In converting these thermometric readings, the student must 
carefully remark that the exi)re8sion 

40° C. = 32“ 11. = 104“ F. 

does not signify that 40 steps on the Centigrade thermometer equals 32 
steps on the Reaumur or 104 steps on the Fahrenheit; what it really 
means is that that step which on the Centigrade thermometer is num- 
bered 40 would on a Reaumur be numbered 32, and on a Fahrenheit 104. 
As we have shown above, 

40 steps C. = 32 steps R. = 72 steps F, ; 

so that if the temperature of a body increase 40® as measured on the 
Centigrade thermometer, it would increase 32* as measured on the 
Reaumur, and 72“ as measured on the Fahrenheit. 
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Gmeral Formulas, 

If C, B, and F represent the readings on a Centigrade, a R^anmnr, and 
a Fahrenheit thermometer, which represent any given temperature, then— 

f (i.) C = ® K. 

(iL)C = -®[F-32] 

(Hi.) g-C. 

(iv.) R=|[f-32] 

! (v.) F = I C + 32. 

(vi.) F - -f E + 32. 

81. Frdcautions necessaiy in 
Constructing a Thermometer. 

(1.) In determining the fieezing- 
point, the pounded ice or snow in 
which the instrument is immersed 
must be carefully and cautiously 
sthred, in older to keep it all at one 
temperature. 

(2.) In determining the boiling- 
point, the following precautions aie 
necessary 

a. The ebullition — i.e., boiling — 
in F (Fig. 134) must be kept up 
briskly. 

6. The indraught of currents of air 
into F must be prevented ; this is 
effected by cotton-wool placed lightly 
in the mouth of the flask at C, 
c. The heating of the upper por- 
tions of the flask, F, by radiation 
from the burner must be prevented. 

This is done by placing F on a metal 
plate,, F, which has a hole in the 
centre; through this hole the bottom 
of the flask just passes. As this flask 
becomes hot it begins to radiate its heat ; therefore to prevent any of 
this heat reaching F, a quantity of sand is placed on P. (See S, Fig, 134.) 

d. As the boiling-point of every liquid is influenced by atmospheric 
pressure (§ 7), the boiling-point, when found, has to be corrected, to 
bring it to the universal pre-determined pleasure of 760 mm. 
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CHAPTER VI. 

ENERGY: ITS CONSERVATION, SOURCES, AND EFFECTS. 

32« Its Conservation. The reader who has carefully followed us 
through our Chapter IV., and has there understood what is meant by the 
Consei'vation of Matter^ will now be ready to make a step further, aud 
confront the more difficult proposition involved in the Comervation of 
Enmfy, 

By EneJ'gy we mean the power to do work ; therefore, by the Conseri'a- 
tion of Energy we mean that the power to do work which now exists in 
the universe is exactly equal to the power to do work which has existed 
in times gone by and which will exist in future times. Therefore energy, 
like matter, is perfectly indestructible and perfectly uncreatable. 

If I lift a 20 lb, weight to a height of ten feet from the ground, 
a portion of my vital energy will be consumed in the act ; I shall be 
weaker than I was before the act. But will the stone now possess the 
energy I have lost? Certainly ; for if, in its raised iwsitiou, this weight 
be attached to one end of a cord passing over a perfect pulley, it will, 
with the slightest downward push, fall towards the earth with sufficient 
force to raise another body of equal weight to a height equal to that from 
which it has itself now fallen. The force with which such a weight falls 
is called vis viva — i.c., force which is producing motion. Here, then, we 
have an instance of a change of vital energy into vis viva; and we thus 
leara that energy undergoes modifications. Still, however, the actual 
amount of energy has neither been increased nor diminished; a weight of 
20 lb. falling through 10 ft. raised another weight of 20 lb. also through 
10 ft. 

Again, if the same force which was employed to raise the weight be 
now employed to rub two bodies together, it will be found that the heat 
developed by the friction of these bodies has the same work -producing 
power as the vital energy consumed to produce it. Hence we learn that 
heat is produced hy friction, that heat is another form of energy, and that 
in every particular c^se it is equal in woi’king power to the energy con- 
iumed in producing it, so that when vital force converts to heat there is 
neither loss nor gain of actual energy. 
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Again, if vital force be employed to mb the back of a cat, heat and 
electricity will be developed ; and the combined working power of this 
beat and electricity will be equal to that of the force consumed in pro- 
ducing them. Here we see, then, that vital force can be changed to 
electricity ; we have already seen that it can be converted to vis viva and 
to heat. 

Again, if a lucifer match be rubbed against a rough body the friction 
produces heat, and this heat ignites the phosphorus of the match ; and 
now a greater quantity of heat is produced than is equivalent to the vital 
energy consumed in stiiking the match. Here we might too hastily 
jump to the conclusion that heat can sometimes be created. But such is 
not the case ; the fact is, that in phosphoms there is another force stored 
up, this force we have already met with (p. 119) as Chemical Force, or 
Chemical Affinity. By reason of this force, which although hidden is 
nevertheless eternally striving to produce its own peculiar effects, the 
phosphorus contained in the match unceasingly strives to rush towards 
any oxygen near it. Its anxiety to do this, so to speak, is so great that 
pure phosphorus exposed to air is, in the absence of preventing causes, 
able to ignite itself and to burn. In so doing its particles rush to join 
with those of the oxygen, and thus we get an example of chemical 
affinity converting into vis viva and then into the heat of combustion. 
Before it is struck there are, in a match, forces at work preventing this 
union of the phosphorus and the oxygen ; these opposing forces are due 
to the presence of other bodies in the match besides the phosphorus. 
But when the match is struck heat is produced, and this heat, acting as 
the friend and ally of the chemical affinity of phosphorus for oxygen, 
counteracts the opposing forces of the other bodies present, and starts 
the combustion. Once started, the heat due to the combustion (for com- 
bustion is always accompanied by the evolution of heat) keeps the action 
from dying out till either trie whole of the phosphorus or the whole of 
the oxygen is consumed. Thus we learn that a given amount of one form 
of energy, in this case heat, although it cannot create en&'gy greater in 
quantity than itself, can yet set free large quantities of other latent 
energy, and thus indirectly produce results wholly incommensurate with its 
own work-producing power. 

Again, let us trace the changes which may take place when a gun is 
fired. 

The vital force of man raises the hammer; the hammer, when released 
and set free to fall, does so with vis viva ; this vis viva changes to heat as 
soon as the hammer strikes the nipple of the gun ; this heat enables the 
chemical forces stored up in the gunpowder to set to work. The oouse- 
quenoe is, that the different material elements of the gunpowder rush 
towards each other with great rapidity, and thus their obemioal force 
changes to vis viva; as soon as they strike together this vis viva converts 
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to 'heat; by reason of this heat the solid material of the gunpowder 
changes to highly-heated gases (§ 3), and these gases expanding with 
the great energy due to their heated condition, drive out the bullet with 
great speed. Thus again heat is converted to vis viva. As soon as the 
bullet strikes the target a sound is produced, and the bullet becomes 
melted by reason of the heat produced by its impact. Thug vis viva 
converts to sound and heat. These forces spread themselves, by radiation 
chiefly, through the atmosphere ; by degrees the sound also converts to 
heat (p. 51), and the whole heat goes to promote the growth of plants 
and animals, and once more to produce in plants those stored-up chemical 
forces wliich give rise to combustion. These plants will go to nourish 
men and to produce in them that vital energy which first raised the 
hammer ; with this vital energy the man may now rub the back of a cat 
and develop electricity. 

Here, then, we may see that /orcc, or energy may undergo a whole 
cycle of changes and return to its original form at last ; that while under- 
going these changes it may liberate — thou(fh it cannot create — other latent 
energies, as when heat promotes combustion ; and that there is no knoum 
force into which every other kind of force may not convert. We may here 
repeat that this energy, though it may be to all practical intents and 
purposes consumed, is yet not destroyed; it exists still, and exerts an 
eternal influence tending still to produce the eflPects peculiar to it in its 
several manifestations. 

It would follow from this that a body once in motion would ever con- 
tinue in motion unless its progress was forcibly arrested. Such is the 
case. The heavenly bodies moving unceasingly in their orbits are 
instances of it. This is, indeed, an illustration of what is called the Law 
of Inertia^ which law is, that a body moving in a given direction with a 
given velocity ^ will continue to move in that direction and with that velocity 
till its progress is diverted or airested by the action of a new and opposing 
force. 

33. Its Sonroes. The study of the origin of Force or Energy is so 
closely bound up with that of the origin of our universe that we cannot 
here go deeply into it. We must, however, explain that the whole of 
our planetary system, including the Earth, the Sun, the Moon, Jupiter, 
Saturn, Mars, Venus, and all the myriads of other heavenly bodies known 
to us, were probably at one time a much more extensive but vastly less 
dense mass of finely divided matter, so fine, indeed, that millions of 
cubic miles of it would not weigh a grain. This vast body of matter 
probably revolved (as the earth now does) on an axis. In process of 
long ages portions of this matter became more condensed and formed 
nuclei, and round these nuclei the greater part of the remaining gaseous 
matters gradually collected and condensed, till sun, moon, earth, and 
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other bodies were at last formed. All this while, however, these bodies 
of matter maintamed their original manner of revolution, not now on one 
common axis, but each on its own peculiar axis. In this way we account 
for the revolution of the inferior bodies round the sun as a centre, and 
that all of them follow the same direction in their orbits round the sun. 

Although we derive some extremely small amount of our heat from 
the interior of the earth, our great supply of energy is derived from the 
sun ; this energy reaches us in the form of Light, Heat, and Chemical 
Force, as we will now proceed to show. 

1st. Light. Let a ray of sunlight, S (Fig. 135), be allowed to pass through 
the aperture A and impinge upon a prism at P. Such a ray will then be 
refracted towards the base of the prism (p. 102) ; but it will be found 
that if a screen be placed to receive this refracted ray there will be 
produced on it not one spot of white light, but a band of colours as 
of a rainbow ; and whatever be the position of the prism the colours will 




Fig 135. 

always be found so arranged on the screen that the position of the red 
corresponds to the apex of the prism and the violet to its base, and the 
whole series of colours is arranged in the order shown in the figure, viz.. 
Red, Orange, Yellow, Green, Blue, Indigo, Violet. This appearance is 
called THE SoLAB Spectkum. In this way we learn that the white light 
of the sun is a compound of lights of the seven colours abovementioned, 
which colours are therefore called the Seven Pbibmatic Coloubs. 

The explanation of the action of the prism in this case is that the 
energy which produces the red rays of the spectrum diflfers in amount 
from that producing the violet rays, that between the red rays and the 
violet there are other rays whose energies all differ from each other and 
from those of the red and the violet ; that the nearer any one colour is to 
any other colour in the spectrum the more nearly their energies coincide 
in amount, and that the result of these differences in energy is differ- 
ences in refrangibility of the rays produced, the red rays being the least 
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refrangible, the violet the most refrangible, and the intermediate rays 
being more or less refrangible according as they are situated nearer to or 
farther from the violet in the spectrum. 

If a prism corresponding to the one shown in Fig. 135 be placed between 
that prism and the screen shown in the figure, but in an inverted position, 
and be so placed as to intercept all the rays which have passed through 
the first prism, the prismatic colours will disappear from the screen and 
a single spot of white will appear there. This is, of course, due to the 
recomposition of the white light out of its constituent colours. Thus 
we have learnt by analysis (t.e., the pulling apart) of white, light that it 
consists of the seven prismatic colours ; we have confirmed this by 
synthesis (i.e., by the recomposing white light out of these elements). 
This we may also effect in another manner, for if we take a disc of card- 
board and divide it into seven equal sections, and on these paint the 
seven prismatic colours in their proper order, and then cause the disc to 
revolve rapidly, wo shall see on the disc not each separate colour, but 
(practically) the whole seven together, and then the cardboard will 
aiipear white, or rather grey. 

All this is very interesting and very instructive also. We now under- 
stand what colour really is. It is not a substance which resides in 
bodies, it is an effect produced upon us by the sun’s energy, when that 
energy in the shape of light is reflected from bodies to our eyes, and 
thence is communicated to our brains. 

But the reader will at once raise a difficulty. Light from the sun is 
colourless, we cannot see it as it darts through space ; it is not till in its 
rapid progi'ess it lights up some portion of matter that it becomes see- 
able, and, of course, then only by its effects. Light is energy only, and, 
therefore, cannot itself be seen. How is it, then, the reader will ask, 
that at any one moment the sun’s light may make one object appear 
white, another black, another red, another green, &c. Let us try to 
explain this. 

If ALL the solar light which falls on a body be reflected unaltered from 
that body, the body will of course appear white ; if none of it be re- 
flected the body will appear black; if only the red be reflected it will 
appear red ; and so with the other colours, for different bodies possess 
different powers of acting on the sunlight incident upon them ; some 
absorb practically no light at all ; these are white ; some absorb it all ; 
these are block : some absorb one prismatic colour and reflect the 
remainder ; these ore coloured according to a combination of the colours 
reflected ; others absorb all colours but one and this one they reflect ; 
these are of the colour they reflect. 

We have thus learnt that two or more energies can combine to pro- 
duce au effect upon our perceptions which is like to one of the effects 
proper to these causes separately ; as when the seven diffeiing energies 
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wbicli produce singly tlie seven prismatic colours unite to ijroduce upon 
us the combined effect called white light. 

iYR. — In consequence of the unequal refrangibility of the seven con- 
stituent elements of white light, it is found that in certain cases the 
images produced by lenses are tinged with coloured edges. This is known 
as Chromatic AheiraMon. 



The reason of this is clear from Fig. 136, which shows the red rays os 
focussed at R, while the violet are focussed at V ; this is in agreement 
with what we have already said, that the red are the least refrangible 
rays of the spectrum ; of course the other rays are brought to foci 
situated between R and V. 

2d. Heat and Chemical Force. Returning to Fig. 135, it can be shown 
by experiment that the rays of energy which produce the Violet of the 
8X)ectrum have but little of the energy which produces heat ; the same 
remark applies to the IndigOy BluCy and Green* The Yellow contains a 
little, the Orange a oousidemble quantity, and the Bed a great quantity 
of heat-producing energy. But beyond the red is a dark region in which 
are heat rays of greater power than any in the luminous spectrum. 
Similarly, beyond the violet is another dark region containing active rays 
of Chemical Force. Chemical rays are also to be found in the luminous 
spectrum, and are more numerous in the region towards the blue than 
towards the red. 

The leaves of plants look green because they absorb from the light the 
chemically active niys at the blue end, and the heating rays at the red 
end of the speotrum ; for leaves act to plants as lungs do to animals, 
therefore in them the chemical processes consequent upon the nourish- 
ment and growth of the plant take place. For many of these processes 
supplies of heat are neoessary (for although heat is always produced when 
chemical combinations take place, it is not always produced in quantities 
sufficient to enable these processes to continue without the aid of other 
heat), and these supplies also are obtained from the energy poured by the 
sun upon the plants. The red end and the blue end of the spectrum 
having thus been greatly weakened, the central green is left to give its 
tint to the leaves. 



140 ACOUSTICS, LIGHT, AND HEAT. 

We have here seen the radiant energy of the snn transformed into ihe 
stored'Up chemical energy of the chemical compounds which form plants, 
and we are thus led back again to the Comaa'vation of Energy ; for we 
can now better understand what we have before stated concerning the 
apparent, but apparent only, creation of energy which takes place when 
a small amount of heat sets free a large amount of energy stored up as 
latent chemical affinity (p. 119). 

34. Its Effects. Although energy cannot be lost nor destroyed, we 
have already shown that it can be hidden ; though even when hidden it 
is nevertheless active, and can only be kept from exhibiting itself (in the 
shape of the performance of work) by the opposing action of other energy 
equal to it. And it must not be forgotten that the qualities of matter 
mapy and often do^ supply forces which tend to modify and even to nullify 
the great and more obvious energies of Nature. For instance, the forces 
of cohesion and gravity continually oppose themselves to the repellant 
action of heat (see p. 7) ; and there are also other and more curious 
cases in which the properties of matter oppose or otherwise modify the 
action of such obvious forces as those which give rise to sound, light, and 
heat, as we will now proceed to show. 

(1.) Energy, though distinct from matter, cannot yet be conceived as 
existing utterly independently of matter. As we have already said, 
Colour is no material substance at all. yet we cannot conceive colour 
except as an effect produced u]>on our minds by energy proceeding from 
some material body. 

In like manner, we cannot conceive that any of the light and heat 
which pour out from the sun can be altogether lost by radiation into an 
absolutely empty space beyond the stars. If there be a limit to the 
space occupied by matter, it is utterly inconceivable that the energy we 
know as light and heat can radiate into it and be there lost. True it is 
that heat and light, in their propagation from point to point of space, 
are independent of the atmosphere, and apparently (i.c., as far as our 
experiments as yet go) of any other material substance ; but this does 
not prove that the transmission of these energies through an absolute 
vacuum is possible. Such a thing is, indeed, inconceivable. 

Whether possible or no, however, there is no doubt that light or 
heat, travelling through space filled with matter, would, if it came to 
purely empty space, return into that space rather than pass into the 
vacuum before it. Thus light and heat are reflected back, not only from 
the surface of a body d&nser than that in whicli it has been proceeding, 
but also from one less denser as in the case of the Total Reflection of light 
coming up from the depths of a body of water, already treated of 
(Fig. 107). 

Whether energy, passing onward through one medium and coming 
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into contact with another medium (whatever the density of the new 
medium be), shall be propagated by it or reflected from it, depends 
upon the power of the particles of the new medium to take up the vibra> 
tions of the former one. And this power, though not independent of 
density altogether, is yet far from being altogether ruled by it. 

Olasa and Marble differ in their powers to take up and propagate the 
vibrations which produce light. The first possesses this power in a high 
degree, and is hence said to be transparent ; the second scarcely possesses 
this power at all, and is therefore called opaque. 

Some bodies, such as Bock Salt and Fluor spar ^ readily take up and 
transmit radiant heat, and are therefore called diatkermanous ; others, 
such as Alum^ Sugar-candy^ and fee, have powers for transmitting 
radiant heat which are extremely feeble, they are therefore termed 
athermanovs. Tims Diatheemakct is to Radiant Heat just what Trans- 
parency is to Light 

Sound, also, though freely propagated by many solid bodies, is lut 
feebly transmitted by sawdust and by felt. 

Further, there are oases in which the same body conducts energy with 
different powers and different velocities in different directions. For 
example, sound is more freely conveyed in the direction of the “grain" 
of timber than at right angles to it. The same is true of heat. Light, 
also, travels more freely in the dii’ection of the axis of a crystal than at 
right angles to it. 

(2 ) Energy can accumulate in bodies and then produce effects which 
are startlingly great compared with their beginnings. Of course, in such 
cases there is, however, no creation of force ; there is an accumulation of 
force, and that is alh Let us give two widely different examples of 
this. 

а. If a musical box be encased in felt of a good thickness, its music 
will not be heard. If a long rod be passed through the felt and touch 
the box inside, while its other end is in the outer air, no sound will be 
heard, although this rod is actually producing vibrations which, if great 
enough, would excite in us the sense of music. But if this free end of 
the rod be placed in contact with a large flat board (or, better still, a 
large hollow box of resonous wood) freely suspended in the air, the 
music of the enclosed musicid box will be plain enough to all listeners, 
for then the sound energy of the vibrating rod becomes communicated 
to, and stored up in, the board or sound-box at its end, and the vibrations 
of this larger body combine to produce others whose amplitudes are 
larger than those of the rod, and they thus produce a series of sounds 
loud enough to be audible. Here, then, we see energy depending for its 
effect upon the resonous quality of the matter of wood, a principle not 
forgotten by those who make fiddles. 

б. Resonanoe. If a tuning-fork which produces a given note be caused 
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to approach a cylindrical jar of a proper depth, it will he found that the 
not© becomes louder; pour uow a quantity of water into the jar, and 
this increase in the sound does not take place. Not, indeed, with this 
tuning-fork, but with one whose fundamental note is somewhat higher. 
These effects are due to the action of the air enclosed in the cylinder. 
A column of air of a given depth will resound to a certain note and to no 
other, for reasons that we shall see immediately ; at present we are con- 
cerned to remark that the effect of any given energy {e.g., that producing 
a certain musical note) is dependent for some of its effects upon the 
qualities of tlie matter in which it comes in contact (as in this case, the 
accidental depth of a jar containing air). 

However, that the depth of this column of air may be seen to be 
dependent upon law for its results, we will here consider this subject of 
Resonance a little more closely. 

Careful experiments show that the depth of the column of air which 
resounds to any given musical noU is one-fourth of the length of the sound 
wave which produces that note. With this law to help us we easily under- 
stand how the results called Resonance are produced. 

Let us turn to Fig. 39 ; the length of the wave of the tuning-fork there 
represented is the distance between the condensation produced by the 
fork when passing the point B in its jouniey to B", and the succeeding 
condensation produced by the fork when passing tiie same point when 
travelling in the same direction. Let this distance be represented by 
ix. Then — 

(i.) While the fork passes from B to B", the distance performed by 
the wave is represented by x. 

(ii.) While the fork passes from B" to B, the distance performed by 
the wave is represented by x, 

(iii.) Therefore, while the fork passes from B to B" and hacky the 
distance performed by the wave is 2ir. 

Now, let the tuning-fork of Fig. 39 be represented in Fig. 137 as sound- 
ing over a glass jar whose depth is x. Then the condensation produced 
by the fork when passing B on its way to B" will return just in time to 
overtake the fork as it passes B on its return journey, i.e., on its way to 
B'. Therefore, the air now on that side of B which lies towards B" will 
be urged towards B', not only by the tuning-fork, but also by the wave 
now as it were reflected from the bottom of the jar. Thus a new wave 
is produced whose period of vibration is equal to that of the tuning-fork, 
but the amplitude of whose vibration is much increased. And this effect 
is still further heightened the next time the fork passes over the same 
ground ; the effect, at least, is that the column of the air enclosed in the 
jar comes to vibrate in unison with the fork, and thus produces that 
augmentation of the sound which is called Resonance, 

And this effect is clearly dependent on the depth of the jar. If the 
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jar be a little too deep or a little too shallow, the ware reflected from it 
does not arrive at the moment i^roper for reinforcing and augmenting the 
action of the fork, and there is consequently no resonance. 

Now if such a wave pass through a 

tube open at both ends it will, after 

passing through the tube, be reflected §* 

from its open end, because there it ^ Cc, 

meets with air which is free to expand, 
not being enclosed by the walls of a 
tube, as is that through which the wave 
has been passing. Let us now suppose 
the jar in Fig. 137 to be double its 
present length and open at both ends, 
and, then, let us further suppose the 
condensed portion of a wave from the 
fork to pass into this open pipe, and to 
be reflected from the end thereof ; at 
the middle point of the tube this con* 
densation will meet the rarefaction of the same wave, and the consequence 
will be that just at this point there will be no motion at all of the air 
particles ; such a point is called a node. Passing the node this condensa- 
tion will then travel to the mouth of the jar, and will arrive just in time 
to augment the condensation of the air produced by the fork in its 
journey from B to B'. It will thus act exactly as the stopped tube or 
jar acted in Fig. 137. We thus see that the. note to which a closed tube 
of any given length resounds is in the same degree ino'eastd by resonance 
from an open tube of double its length, ' 

The student must carefully bear in mind that there is in these cases no 
creation of energy, nor any real creation of effect. The effect seems to be 
augmented, but the fact really is that the vibrating energy of the fork, 
which would otherwise be dissipated in the atmosphere in the production 
of heat, is collected in the tubes ; it there sets the columns of air in 
vibration, and these vibrations, being from the nature of the circum- 
stances similar to those of the sound-producing body, go to augment 
its effects upon our organs of hearing. There is thus a cumulation of 
energy but no creation thereof ; there is consequently a cumulation of 
effects but no creation thereof. The increase in the sound is the effect 
of the stored-up force of former vibrations. 

We have already noticed that the higher a note is the shorter is its 
wave-length ; it follows that the higher a note is the shallower is the 
tube which resounds to it. If there he two tubes the depth of one of which 
is double that of the other , the note to which the shorter one resounds is the 
octave of the other, 

c. Beats. Let Fig. 138 represent what is called a Monochord or SOHO- 
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meter. It consists usually of one string, AA (whence its name Afono- 
chordj, stretched by a weight, W, across two little bridges, B, B'. These 
bridges, which are fixed, rest upon a box constructed of very thin re- 
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fionous wood. Tins box is for strengthening the sound. A third bridge, 
C, is movable, and by means of it the length of string (or wire) which 
we desire to set in vibration can be increased or diminished as we please. 
The weight W can also be varied at will ; and, of course, the string (or 
wire) can in like manner be removed and another substituted for it when 
we please. 

By varying the length, the thickness, the density, and the stretching 
weight of the string (or wire) we find by experiment that, other things in 
each case remaining constant, the number of vtbratione per second varies — 

Firstly, inversely as the length of the string ; 

Secondly, inversely as the radius of the thickness of the string ; 

Thirdly, directly as the square root of the stretching weight — i.c,, “the 
tension ; ” 

Fourthly, inversely as the square root of the density of the string. 

Let us now suppose two strings (instead of one) whose vibrating por- 
tions are of equal lengths, diameters, and densities, to be stretched by 
equal weights across the same sound box; it is clear that these will 
both produce the same number of vibrations per second, and will there- 
fore produce the same note. 

Now, in order that they may both vibrate together, it is not necessary that 
we pluck both of them in order to set them vibrating ; for if one of them 
vibrate, it will thereby cause little vibratory waves to pass from it in all 
directions, and some of these will impinge upon the neighbouring wire 
and cause it to execute vibrations of the same rapidity as their own, and 
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these, at first of a most tiny smallness, gradually increase in amplitude 
because of the oft and periodic recurrence upon the wire of the impulses 
due to the waves of its neighbour, and this action increases till the second 
string (or wire) swings with vibrations equal in rapidity and equal in 
amplitude to those of the string first set in motion. The two strings now 
vibrating together will produce waves whose condensations and rarefactions 
exactly coincide ; these condensations consequently become more dense and 
the rarefactions more rare : the sound is consequently intensified. 

If, however, the vibrations produced by tliese strings could be so 
arranged that the condensations of the waves of one corresponded with 
the rarefactions of the waves of the other, there would be no sound at 
all, for there would be no amplitude to the vibrations of the air through 
which these waves pass ; in a word, there would be no vibrations, and 
consequently no sound. We thus see that one tound may he destroyed hy 
another ; and, reasoning similarly, it is clear that light may destroy light, 
and heat may also he destroyed hy heat. We need scarcely remind our 
readers that in neither of these cases is energy actually destroyed; it is 
simply paralysed and nullified by one portion of it successfully opposing 
the action of another and equal portion. 

The destruction of sound, by this interference of one series of waves 
with another, can be shown thus : — Let us, as above, take two strings 
which are vibrating in unison, and add a little to the stretching weight 
of one of them ; they no longer vibrato together, but if we listen atten- 
tively we shall hear the two different notes produced by them, and at 
certain regular intervals we shall hear heats — that is, intervals when both 
sounds disappear for a moment and there is absolute silence. The reason 
is, that the waves produced by the one string are slightly shorter than 
thoje of the other string ; and thus it by and by happens that the con- 
densation of the one wave cotuddes exactly with the rarefaction of the 
other, and then the one series of waves destroys the other, and silence is 
the result. 

To make this more clear, let us suppose the length of the waves of one 
series to be 26 inches, and of the other, 2^ inches. Then, as each of 
these waves is produced in the same interval of time, it is clear that of 
the first pair of waves the one is an inch behind the other ; of the second 
pair, the one is 2 inches behind the other ; and of the thirteenth pair, 
the one is just 13 inches behind the other — that is, the condensation of the 
smaller wave is exactly in the rarefaction of the larger, hence silence ensues. 

The heats in music can easily be produced by touching any two adjacent 
keys of a piano ; the seventh and eighth of the octave serve the purpose 
as well as any. 

Before leaving this subject of the vibration of strings, it will be well to 
describe an experiment by which the formation of nodes and ventral 
segments on a vibrating string may be shown* 

K 
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We have already described the formation of nodes in a column of air 
vibrating in a tube ; we have shown how the formation of these nodes is 
the effect of the reflection of sound-waves either from a more dense or a 
less dense medium. In the same way, waves passing along a string may 
be reflected from the far end of it, and msy, as they return, so interfere 
with new waves as to produce places of no motion in the string ; these 
nodes, as they are called, being separated from each other by portions in 
active vibration, and these portions are called ventral segments. Now for 
the experiment. 

In Fig. 139, let a string be tightly stretched, as in a monochord ; and 
while touching it with the hand in the middle let us draw the bow of a 
fiddle across the centre of one half, while a little rider of paper rests on 
the centre of the other half. By the action of the bow the string is 
thrown into the condition of a node and segments, the point A at which 
the hand was applied being the node, and each half of the string being a 
x'entral segment. The centres of each of these halves thus become 
the area of greatest disturbance in that half ; consequently the rider 
R is throw n off the string with a violent jerk. 
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Again, in Fig. 140, let the hand be applied at one-fourth the length of 
the string, and let the bow be applied as before. The string now 
assumes the condition of three nodes dividing it into four segments, as 
shown in the figure. That such is the case is shown by the fact that 
the riders at these supposed nodes remain quiescent, while those at the 
centres of the vibrating segments are jerked off, as shown in the figure. 

4. There is yet another manner in which energy depends on the pro- 
perties of water for its visible results ; though for its visible results only, 
for here, as ever, not only is there for every effect a proper cause, but 
for every cause there is a proper effect. And this effect is ^^yro^er** 
not only in kind but in quantity. Sometimes this is, to all appearance, 
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not so ; but all appearance ” only, and we must dive below the appear- 
ance and fish out the facts. Lot us consider the following experiments : — 
Experiment 1. —Mix 1 Ih, of water at 100® C, with 1 U>, at 0® C,; we get 
2 lbs. of water at 50® <7. 

This is just what we should expect. 

Experiment 2, — Mix 1 Ih. of mercury at 100° C. with 1 lb. of water at 
0® C. The temperature of the mixture is 3® C. 

This is astonishing, for while the mercury has lost 97® C. in its 
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temperature, the water (which has received this heat) has gained 
only 3® C. 

But this heat, if it could be again taken from the water and added to 
the mercury, would r«aise it to its oiiginal temperature. So that the 
same heat which raises a given weight of water through 3® will raise an 
equal weight of mercury through 97®; fiom which we conclude that 


water requires , i.e. ahout^ 32 times as much heat to raise it through 


any given number of degrees of temperature as is required to raise an equal 
weight of mercury through the same number of degrees. Therefore, the 
Capacity of Water for Heat is said to be 32 times thjit of mercury. 

The differing capacities whicli different bodies have for heat is usually 
expressed by numerical quantities called their Specific Heat. 

The Speolfic Heat of a body ts the number which expresses the relation 
which the quantity of heat required to raise a given weight of that body 
1® C. in tempey'otui'e bears to the quantity required to raise an equal weight 
of water 1® C. in temperature ; or, more briefly — 

The Spkoipio Heat of a body is the number which expresses its capacity 
for heat relative to that of water, 

Tlierefore, since 

The heat required to raise 1 lb. of mercury through 1® 0. . 

The heat required to raise 1 lb, of loaten' through 1® O. *“ 32 * 
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it follows that 

The specific heat of mercury e= « 0*0833. 

oZ 

N.B, — It will be seen here that the Specific Heat of Water it taken at 
Unity, 

The following Table of Specific Heats will be found useful : — 


Water, 



. 


10000 

Mercury, 



. 


0*0833 

Alcohol, 





0062 

Iron, . 



, 


0*1138 

Lead, . 



. 


. 0*0814 


Before proceeding further, we may here conveniently define Tempera* 
ture as a sensible effect produced in bodies by the presence of energy in the 
form of heat. 

To help to an understanding of the subject of specific heat, and its 
connection with temperattire, let us take a homely illustration. The 
effect produced upon an old drunkard by the imbibing several glasses of 
good ale is small ; he is used to it, he has, so to speak, a great Capacity 
for Ale; but with an abstemious man the case is different. That exact 
quantity of ale which scarcely affects the old tippler would make the 
temperate man drunk; his capacity for ale is smaller. Not that his 
stomach is smaller ; the different capacities of these men for ale is not to 
be determined by the amount they can respectively swallow, but by the 
effects produced upon them by the drinking a certain definite quantity. 
So with the capacities of bodies for heat ; that body has the highest capa* 
city for heat upon which an exact amount of heat produces the least effect 
in the way of a rise of temperature. 

It follows from this that bodies with high specific beats part with more 
of that energy when their temperature falls than do other bodies whoso 
specific heats are lower. Seeing, then, that the specific heat of water is 
very high indeed, two results of paramount importance to man, and life 
generally, follow. These are as follows : — 

L In summer the waters of the earth absorb great quantities of heat, 
and thus prevent too great a rise in the earth’s temperature at 
that time. 

2. In winter these waters part with much of their heat. To cool a 
pound of water through any given number of degrees a much 
greater quantity of beat must be radiated into the surrounding 
atmosphere than is sent out from an equal weight of earth. 
Thus the vast waters of the ocean, seas, lakes, and rivers, act as 
storehouses of heat, and they also act in such a peculiar manner 
as to lessen the heat of summer and render less rigorous the 
cold of winter. 

In choosing substances for ThermomeUrs rtgwi-d is had to their Specific 
Heats, because it is evident that a body whose capacity for beat is small is 



ENERGY. 


149 


more sensible to changes of temperature than one whose capacity for heat 
is greater. An examination of the table above given shows, therefore, 
that in this respect alcohol is a substance better suited for thermometers 
than is mercury ; inasmuch as thermometers constructed of alcohol are 
the more sensible. 

The Determination of the Specific Heats of Bodies is performed 
in various ways, of which we will describe that in which the determina- 
tion is effected by comparisons of the weight of ice converted to water 
by the heat given out by different bodies of equal weights fallmg through 
equal ranges of temperature. The instrument by which this comparison 
is made is called the Calorimeter of Laplace and Lavoisier » 

This instrument consists of three vessels of tin, as shown in Fig. 141. 
In the innermost one is placed a known weight of the body whose specific 
heat it is required to determine. This body has previously been raised 
to a known temperature, and is now left to cool. The other vessels, B 
and O, are filled with ice. 

The heat given up by the body A melts a quantity of the ice in B, and 
the water produced by this runs out by the stop-cock D, and is caught in 
a vessel and weighed. 

The ice in C is placed there to prevent the heat of the atmosphere 
from melting the ice in B. The water produced in C in consequence of 
the melting of its ice runs out at E, but this is not wanted for our 
present calculation, and is therefore not 
collected. 

From the weight of water melted by the 
cooling of a given quantity of matter 
through a given number of degrees the 
BX)ecific heat of that body can be calcu- 
lated without further experiment ; but 
the same result can be also obtained 
thus : — 

Let us suppose that A is a mass of copper 
of a known weight, and that the weight of 
the water produced by the cooling of this 
Copper through a certain number of de- 
grees is 4} 035. Let the copper be then 
removed, and let an equal weight of Water 
be placed in the instrument and allowed to 
cool there through the same number of 
degrees that the copper did. The weight 
of water collected at D in this latter case would be about 50 oz. 



Hence, 

The Specific Heat of Copper = 


_ 4f 

50 oz. 5o 200 


0*096 
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This instrument is not a good one for obtaining careful results, for — 

1. The experiment lasts a considei*able time ; there is thus the pon- 

sibility that the results may be influenced by radiation and other 

accompanying circumstances. 

2. The action of the body in A is always somewhat interfered with 

by that of the ice in C. 

3. Some of the water produced in B clings to the ice and to the walls 

of the vessel containing it. 

4. The mass of the body A is necessarily large, and it is not easy 

to ascertain its exact temperature. 

We have now, in a brief and imperfect manner, shown that both 
Matter and Energy are apparently indestructible and uncreatable, and 
we have mentioned some interesting facts and circumstances illustrating 
these fundamental principles. The astonishing transmutations to which 
energy is liable without either gain or loss in its actual quantity, and the 
somewhat similar, though as yet less perfectly known, changes which 
matter undergoes, changes both i)hy8ical and chemical, would lead us to 
jump at the conclusion that all the forms of energy, as well the unknown 
as the known, are in ter-transmu table, and that all the forms of matter 
are also but different forms of one essential substance ; in shoii;, that all 
energies are but different forms of one energy, and all matter but dif- 
ferent forms of the same matter. Evidences are not wanting which 
point us clearly along the road that leads to this great conclusion. We 
cannot here describe these j indeed this is not the place for them. They 
give us but faint glimpses of an unknown land into which we can but 
I>eer curiously and hopefully. Still at i^resent it is an unknown land ; 
and the knowledge that such an unknown land exists will be a fitting 
l^reparation for our next and last chapter. 
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CHAPTER VII. 

SENSATION, AS ILLUSTRATED BT THE PHENOMENA OP SOUND AND LiaHT. 

35. Sensation. 

Though we neither see with our eyes, nor hear with our cars, we can- 
not well hear without the latter nor see without the former. Yet we 
occasionally do both. The objects seen in dreams are as vividly seen as 
those observed in waking ; and the sounds also are as distinct : plain 
proofs these that the sensations we call Seeing and Hearing are indepen- 
dent of eyes and ears. 

Seeing and Hearing are effects produced in the brain by influences 
usually communicated to it by the nerves, but the essential thing is 
the state of the brain. There is a certain condition of the brain which 
produces in us, in a wonderfully mysterious manner, the sense of sight ; 
there is another condition which gives rise to the sense of hearing, and 
it matters not how these conditions are produced, let them but be pro- 
duced and their corresponding sensations are invariably produced. The 
eye and the ear are the means appointed by nature by which exterior 
objects are enabled to act upon the nerves proceeding from the brain to 
these organs, and thus to produce in the brain the sensations proper to 
the influences each is able to wring to bear upon the brain. The eye is 
incapable of receiving from the air the vibrations which, when com- 
municated to the brain, affect us as Sound; the ear cannot take up those 
which affect us as Light. We may^ therefore^ describe the eye and the ear 
as organs specially adapted for receiving vibrations from media exterior 
to the nerves^ and communicating these to the ne't'vesfor transmission to the 
brain,, the former being peculiarly fitted for taking up and transmitting 
the rapid vibrations of light, and the latter being specially adapted for 
receiving and pi'opagating the slower vibrations which produce sound. 

Let us now describe these organs more in detail. 

86. The Ear. 

(i.) Its Oonstructton. The sensation of Hearing is excited in the 
brain by the rapid vibratory motion imparted to it by the nerves of the 
oar, which motion usually proceeds from some sounding body. The ear is 
thus frequently described as the auditory apparatus, a name which is apt 
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to inisleadi, because it seems to assert that the sensation of hearing is 
effected in it, the fact really being that hearing, like all other sensations, 
is the act of the brain. 

Each ear may be conveniently divided into three parts, viz. — 

1st, The Outer Ear^ the function of which is to collect sound-waves 
and pour them inwards towards the interior of the head. 

2d. The Middle Ear, the function of vshich is to modify and transmit 
these waves towards the region of the nerves, t.c., towards 
3d. The Internal Eav^ the function of which is to receive^ arrange^ 
and transmit the waves to the nerves, and thus put them on 
their way to the brain. 

In its passage through the ear a sound-wave thus travels through air 
in the outer ear, through air and solid bone in the middle ear, and 
through liquids in the internal ear, as we shall now proceed to show. 

{a) The Outer Ear consists of the pinna or concha (which lies outside 
the head and serves as a funnel to collect sound-waves), and the meatus 

or passage. This passage 
serves not only to pour the 
sound-waves inwards towards 
the brain, but also to increase 
the intensity of the sound by 
the resonance of the air con- 
tained in it. This passage is 
closed inwardly by a tightly 
stretched elastic membrane, 
called the tympanic mem* 
hraney which acts like the 
head of a drum. Beyond 
this membrane lies the cavity 
Fi? 142 . known as 

(6) The Middle Ear (called also the tympanum and the drum of the ear),, 
This cavity contains a chain of three little bones called respectively — 

“ The Malleusf'' or hammer bone ; 

“ The Incusf^ or anvil bone ; and 
“ The Stapes or stirrup hone. 

Of these, the malleus is attached to the tympanic membrane, while the 
stapes is attached to the membrane which covers an aperture in that wall 
of the tympanum which is opposite the tympanic membrane. This 
aperture is called the “ Fenestra Ovalisf' i.e., “ the oval window.'' 

The fenestra ovalis is not the only aperture in the bony wall on the 
inner side of the tympanum ; there is another near it known as the 
'^Fenestra Rotundaf' i.e., “fAc round windowf' and it must be parti- 
cularly noted that, unlike the fenestra ovalis, it has no little bone of any 
sort at^hed to the front of its membrane. 
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Tlie cavity of the tympanum is, by means of the Eustachian Tube, put 
into communication with the mouth, and thus with the outer air. In 
this way the air on both sides of the tympanic membrane is preserved at 
the same density. 

(c) The Internal Ear consists of winding passages filled with a watery 
fluid. This fluid contains most minute solid bodies floating in it, and it 
is by means of the vibrations imparted to this fluid and its contained 
solids that the auditory nerve is set vibrating and the sonorous impulses 
thus set on their way direct to the bmin. 

(ii.) Its Action. Sound-waves passing through air are collected by the 
pinna and poured into the meatus^ are here intensified by resonance and 
communicated to the tympanic membrane. And here we may remark 
that— 

(1.) As sound is but imperfectly transmitted from air to solid bodies, 
but is easily and readily taken up by a tightly*st retched membrane, there 
is great propriety in the position of the tympanic membrane, inasmuch a* 
by it sounds are readily transmitted to the chain of ossicles lying beyond it. 

(2. ) As the outer and inner walls of the tympanum are very near each 
other while its vertical and horizontal dimensions are comparatively large, 
the tympanum serves as a sort of sounding hoard, but, as its action in this 
way would be impeded if the air on one side of its membrane were 
denser than that on the other, the peculiar function of the Eustachian 
Tube becomes apparent. 

(3.) The chain of ossicles in the tympanum are not indispensable to the 
transmission of sound, for the sense of hearing would not be destroyed 
if the tympanic membrane were removed. This membrane is doubtlessly 
the most active agent in the transmission of sound in this part of the 
ear, but the Fenestra Rotunda (which is in no way connected with the 
chain of ossicles) has been proved to take part in the work of this trans- 
mission. We thus learn that the air in the tympanum takes an active 
part in transmitting the sound-waves inwards. 

(4.) The winding passages into which the fenestra rotunda opens are 
filled with a fluid, and the communication of the sound-waves from the 
air of the tympanum to the fluid of this labyrinth is much assisted by the 
presence of such a membrane as that which covers this fenestra, a mem- 
brane which readily accepts impulses from the one body and as readily 
imparts them to the other. 

There are many other interesting facts connected with the human ear ; 
for a full description of them see Kirkes’s Handbook of Physiology, and 
other such manuals. That the student may now clearly understand the 
whole function of the auditory apparatus, we will here trace the progress 
of a wave from a sounding body inwards to the brain. The vibrations of 
such a body would first of all be communicated to the air-particles, and 
be by them communicated to the air in the meatus of the outer ear. 
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Strengthened here by resonance, the sonnd would be given np to the 
tympanio membrane, by it to the chain of bones in the t3rmpanum, and 
also to the air there. Once more strengthened by resonance (i.e., of the 
air in the tympanum), it would now be given up to the membranes which 
cover the oval window and the round window, and from these it would 
proceed to the fluids of the internal ear, and from them to the auditory 
nerve ; by this nerve it would be communicated to the brain, and by the 
brain the impulse thus received would be interpreted by an act of 
hearing. 

37. Light as a Sensation. It was supposed by Sir Isaac Newton — 
and others — that as the sensation of light was evidently produced by 
something which “hits" the ojitic nerve at the back of the eye, this 
something was probably matter in a very finely divided state ; which 
mutter, he conceived, was darted out at an inconceivably great velocity 
by all luminous bodies. According to this theory^ a ray of light toould be 
a train of these tiny particles. From the first there were difficulties in 
the way of this theory, but the authority and ingenuity of Newton long 
sufficed to maintain it as the most correct theory of light. We have in 
previous pages, however, shown that light is the production of energy 
communicated to the nerves, and that such energy in the nerves is the 
c fleet of the propagation to them of vibratory motion, not of matter. 

Newton's theory is known as the Emission Theory of Lights sometimes 
called also the Corpusculary Theory, The more modem theory, which 
supposes light to be energy, and not matter, is known as the Dynamical 
Theory^ or VndvXatory Theory, 

88. The Eye. 

(i ) Its Constkuction. The eye consists of the following parts : — 

(1.) Tlve Sclerotic (see Fig. 143). This may be regarded as the frame* 
work of the eye. It is white and opaque, except in front, where it 
presents the appearance of a pane of born, and is called 

(2.) The Cornea. The cornea is transparent, and has the shape and 
performs the function of a circular concavo-convex lens. The opaque 
portion of the sclerotic is lined with 

(3.) Th^ Choroid Coat, This is a network of delicate blood-vessels. It 
is lined inside with a layer of 

(4.) Blctck Pigment Cells, Over the inside of this layer is spread 

(5.) The Retina, The retina is a network of fine nerves, into which 

(6.) The Optic Nerve ramifies. 

The interior chamber of the eye is filled with a clear, transparent sort 
of jelly, called 

(7. ) The Vitreous ff amour. In front of this is 

(8.) The Crystalline Lens, an elastic body having the shape and pe!r* 
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forming the function of a circular donble-oourex lens. It* outer portions 
(i.e., those farthest from its centre) are obscured by a curtain called 
(9.) TAe Iris. The colour of this curtain varies. In its centre is a 
circular opening called 

(10.) TAe Pupil, which looks black, because we here peep through the 
transparent cornea, and the equally transparent crystalline lens, into 
the chamber of the eye, and see its black-lined walls. 



By means of apparatus, which we need not here describe, the Iri^ 
is made to contract or dilate according as it is necessary to admit less 
or more light into the chamber of the eye. 

The Cornea is so stiff and so firmly set that it may be regarded 
as fixed both in position and in shape; but such is not the case; 
with the Ci'ystalline Lem. When the object to be observed by the eye is 
near, this lens is made to move backwards, and vice versd. This power 
of adjustment is very necessaiy in the eye. In 8 uppl 3 ring this requisite 
for sight the crystalUue lens is assisted by certain muscles, by the action 
of which it is rendered more or less convex, according as the object to be 
viewed is less or more distant. 

(11.) The space between the cornea and the crystalline lens is filled 
with a fluid called the Aqueous Humour, 

(ii.) Its Action. It has been already stated that the cornea has the 
shape and performs the functions of a concavo-convex lens, and that the 
crystalline lens has the shape and performs the functions of a double- 
convex lens. The aqueous and vitreous humours also act as convex 
lenses, though with feeble powers compared with those of the cornea and 
the crystalline lens, ^erefore, when the iris and the lens have been 
properly adjusted, the combined action of the cornea, the lens, the 
aqueous humour, and the vitreous humour will go to produce on the 
retina an inverted image of an object presented to the eye. (Fide 
p, 109.) 
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This image will be conveyed to the brain by the optic nerve, and con- 
eeqnently we ought to see inverted images of the things presented to our 
view. This, of course, we all know is not the actual fact ; we see images 
in their real and not in their inverted positions. The reason probably 
is that the evidence of our eyes is corrected in our sensations of sight by 
the evidence of our sense of touch. lAght and Touch thus act as hand- 
maids to Judgment. 

N.B. — Impressions received upon the retina of the eye do not disappear 
immediately on the withdrauxU of the causes which excite them ; the vibra- 
tory motions imparted to the nerves of the retina seem to linger there 
for periods which vary according to the time during which the excitation 
by the ca\ise endured ; they also vary in different persons ; but, speaking 
generally, the periods average half a second. If we look at a bright 
object for some few seconds and then close our eyes, the image of the 
object still remains, as it were, quite visible. Important consequences 
follow from this fact ; for if we see a number of objects in very rapid 
succession, the images of these all blend together in the eye, and we see 
not each object separately but the whole of them as one mass. We have 
already mentioned an instance of this (see p. 138), to that we may add 
that if a disc be divided into an equal number of sectors, of which 
alternate ones are painted white and black, this disc will when rotating 
slowly present the appearance of alternate sectors of black and white ; 
but :f it 7'evolvt' quickly the eye will be unable to distinguish the black 
and the wi\ite, aa l the disc will consequently appear grey. Neverthe- 
less, if an electric spark suddenly dash across this rapidly-revolving disc, 
the alternate black and white sectors will be rendered perfectly and 
separately apparent. 

39. Irradiation. Tlie vibratory motion imparted to the nerves of the 
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retina does not remain confined to the area in which 
it is primarily excited, but spreads itself to the 
neighbouring nerves. Now, as we have already said, 
black is the sensation produced by a body which 
reflects none of the light incident upon it, while 
tvhite is the effect of the reflection of all the light* 
The consequence is, that a white object on a dark 
ground looks larger than a black object of exactly equal 
size but represented on a white ground. In each of 
these cases the region on the retina proper to the white 
encroaches on that proper to the black. In Fig. 
144 the two crosses are of the same dimensions, but 
the white one appears larger than the other. The 
effect thus produced is called Irradiation^ and takes 
place whenever a white or other bright object is 
depicted upon a black or other dark ground. 
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3. L<mg Sight and Short Sights When the cornea or the crystalline 
lens is habitually of a too great convexity the eye is unable clearly to 
distinguish the more distant objects, because the foci of such objects 
fall before the retina and not on it. Persons whose eyes have this defect 
are said to be short sighted, and for them eye-glasses (spectacles) with 
diverging lenses are required, because by these the focus of the rays is 
thrown farther back, and so reaches the retina instead of falling some 
distance before it. 

Sometimes, however, the lenses of the eye are habitually not sufficiently 
convex, and consequently the persons so afflicted are unable to see the 
nearer objects placed before them. This is called Long Sight, and is 
remedied by the use ef convex glasses ; by means of these lenses the rays 
are focussed upon (instead of behind) the retina, and distinct images of 
these objects are consequently formed on it. 

40. Conclusion. In these few and imperfect pages we have striven 
to the best of our ability to make things understandable, and thus to 
give scope and action to the reasoning powers of our readers. We might 
here, after the manner of the French Revolutionists, conclude our work 
by exalting Reason as chief goddess, with the Sensations at her feet; 
but we prefer rather to preach Humility and Diffidence in Judgment, 
inasmuch as we see how falsely even our vaunted sense of sight may serve 
us, and how liable to error must our judgments ever be, since the hand- 
maids which wait upon the mind and occupy themselves in feeding it 
are so very untrustworthy. 


THE END. 
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School Managers to the strength of the sewing and firmness of the bindmg.^ 
both important features, which cannot fail to recommend them for use 
in Elementary Schools. 
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FIRST GRADE. 


PRACTICAL CEOMETRY 

FOB 

EimENTAnr schools. 

BY 

DAVID BAIN, F.B.aS. 


The aim of the present little work is to supply tbe youthful 
student with the fundamental principles of Practical Geometry. 
It is designed to meet the wants of the latest Syllabus of the 
First-Grade Examinations of the Science and Art Department. 
So far as the Author is aware, there exists no text-books which 
exactly covers the work of the most recent requirements of that 
Syllabus. 

In taking their pupils through the book, teachers are advised 
to attempt the Test Exercises only on going over the problems a 
second time. Too much use of the black board cannot be made, 
while neatness as well as accuracy caimot be too strongly insisted 
upon. 

To those who have mastered the problems there should be 
little or no difficulty in copying the Figures at the end. 

The Papers set by the Department in the March Examinations 
(1877~8~9) will be useful for examination purposes, and will also 
furnish teachers and pupils with a good idea of what is expected 
from them by the Department. 
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